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Abstract 
Glucoamylase (EC 3.2.1.3, GA) is an a(l,4)-D-glucan glucohydrolase. It is an 
enzyme that catalyzes the hydrolysis of a-1,4 glucosidic bonds from the nonreducing 
ends of starch to release ~-D-glucose. Past research has revealed that the thermo-
stability of glucoamylase can be increased by substituting amino acids at specific 
positions within the protein. 
In this work, the yeast host Saccharomyces cerevisiae was used to perform 
random recombination with the glucoamylase cDNA of several mutant lines to create 
new combinations of mutations. The most thermostable mutants were then 
selected and one was chosen for further mutagenesis using PCR and an error prone 
PCR mix to insert new mutations into the gene. Transformation into yeast, colony 
screening, and subsequent DNA sequencing gave four new mutations: Val88---+Ile, 
Asp293---+Ala, Tyr402---+Phe, and Glu408---+Lys. These four new mutations were 
combined with the most thermostable mutant from random recombination, RE15, to 
create the "super" mutant SRE15. Kinetic assays revealed that RE15 and SRE15 had 
increases in melting temperature (Tm) of 4.1°C and 6.2°C, respectively, over that of 
wild-type glucoamylase, which has a Tm of 68.8°C. In addition, the two mutants 
also displayed an increase in fl.G, which was 3 kJ/mol for RE15 and 2.6 kJ/mol for 
SRE15 (at 6S°C). Other kinetic parameters such as Km, kc.at, and Vmax were similar 
for wild-type glucoamylase, RE15, and SRE15. 
Thoughtful analysis and comparison of mutant proteins in thermostability 
assays has led to several conclusions regarding the mutations present in SRE15. It 
was found that the four individual mutations by themselves in the wild-type back-
ground did little to increase glucoamylase thermal stability. Yet, when these 
mutations were brought together into one enzyme, SRE15, increases in the Tm and 
fl.Gwere observed. It is thought that the four new mutations that were inserted into 
the RE15 gene may create a new network of interactions with the amino acids in the 
surrounding environment that leads to an increase in thermal stability. 
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Introduction 
Life on earth has been evolving for a long time and living organisms have had 
to develop ways of obtaining energy from many different carbon sources. Some 
organisms, such as bacteria, fungi, and yeast, secrete amylolytic enzymes that are 
capable of hydrolyzing starch and other carbohydrate polymers. Among these 
amylolytic enzymes are the a-amylases, ~-amylases, and glucoamylases (Janecek 
and Sevcik, 1999). Glucoamylase, the subject of this thesis, is an a(l,4)-D-glucan 
glucohydrolase (EC 3.2.1.3, GA), meaning it is an enzyme that catalyzes the 
hydrolysis of a-1,4 glucosidic bonds from the nonreducing ends of starch to release 
~-D-glucose. 
The Structure of Glucoamylase 
Glucoamylase from Aspergil/us niger/awamoriis an enzyme composed of 616 
amino acids (depending on the species from which it comes) and can be divided into 
two functional domains. The first domain, the catalytic domain, comprises amino 
acids 1-440 and is capable of hydrolyzing starch. The catalytic domain (CD) is 
joined to the starch-binding domain, via a short linker of 67 amino acids (Figures 1 
and 2). 
The starch-binding domain (SBD), amino acids 509-616, comprises the c-
terminal end of the enzyme. The primary function of the SBD is to bind to granular, 
insoluble starch. In addition, the SBD allows glucoamylase to bind to polysaccharide 
in the cell wall, which may increase the amount of glucose available to the growing 
cell (Neustroev et al., 1993). 
The linker comprises amino acids 441-508 and is heavily glycosylated with 
the sugar mannose at serine and threonine residues. The N-terminal (amino acids 
441-471) end of the linker wraps around the catalytic domain like a belt. The c-
terminal end (amino acids 472-508) of the linker remains unhindered and its con-
formation is unknown. It is possible that the linker functions to bring the CD into 
Catalytic Domain 
IV 60A 
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Figure 1 The general structure of A. awamori/mgerglucoamylase. Each circle 
represents an amino acid. The exact conformation of the linker domain is not 
known (Coutinho, 1996). 
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Figure 3 Topology representations of the (a/P)s barrel (left) and the (a./a)5 
barrel (right). a-Helices are represented by circles, p-sheets by squares, and inter-
helical loops by lines. The a-helices and (3-sheets that compose the inner core of 
the catalytic domain are shown in rose (Aleshin et al, 1992). 
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Figure 2 The amino acid composition of Aspergillus nigerglucoamylase. Amino 
acids are indicated by their one-letter abbreviations. Where possible, cysteine 
bridges are connected by lines. Otherwise, residues 222 and 449, 509 and 604 also 
form cysteine bridges. 
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close proximity of the SBD when it is bound to granular starch so that individual 
polysaccharide strands are directed towards the CD and into the active site of the 
enzyme (Sauer et al., 2000). 
The Catalytic Domain 
The catalytic domains of most glucoamylases are very similar in structure. 
Most of the 440 amino acids of the CD are situated within a-helices. Unlike a-
amylases and p-amylases, which possess an (alp )a barrel structure, glucoamylases 
have an (a/a)6 barrel structure (Figure 3). The CD from the fungus Aspergillus 
awamorivar. XlOO contains 13 a-helices arranged in an (a/a)6 barrel, with six of 
the peripheral helices lying in an antiparallel fashion in relation to the six inner-core 
helices (Aleshin et al., 1992). Helix H11 is situated on the outside and does not 
participate in the ( a/a)6 barrel structure (Figure 4). 
The a-helices that compose the inner core of the (a/a)6 barrel are connected 
at their C-terminal ends via hairpin loops to the N-terminal end of the a-helices that 
reside on the periphery of the barrel. The loops of amino acids that connect the 
a-helices to each other are very important because the residues that are involved in 
catalysis reside in them. Some of the longer loops come together to form short 
segments of p-sheet structure within the catalytic domain (Aleshin et al., 1992) (See 
also Figure 26). 
Within the central core of six a-helices lies the active site of the enzyme. 
The active site is roughly 15 A in diameter with a depth of 10 A, creating a funnel-
shaped pocket that is open to solvent on one end and closed off on the other end by 
a string of amino acids, residues 430-440, that form the beginning of the belt that 
encompasses the catalytic domain. At the bottom of the active-site pocket are the 
catalytic acid and base, Glu179 and Glu400, respectively. The residues that line the 
active site make contact with specific sites on the substrate, forming seven subsites 
within the active site. These subsite residues belong to five highly conserved re-
5 
N-terminus 
C-terminus 
Asn171 
Figure 4 Schematic diagram of the glucoamylase catalytic domain (amino acids 
1-440). The N-terminal part of the linker is included. a-Helices are represented by 
cylinders H1-H13. 0-glycosylation of the linker region is represented by hexagonal 
sugar residues. N-glycosylation is represented by triple hexagons at asparagine 
residues 171 and 395 (Aleshin et al., 1992). 
HOCH2 
u 
HOCH2 b-CH2 HOCH2 HOCH2 0 NH3• Gbc;c; II I / NH-C-CH2 -CH -o- -o- I 0 coo-
a.-(14'3) and f3-(14'4)-Mannose 
a.(14'6)-Mannose 
J3-( 14'4 )-N-acetyl 
glucosaminie 
Asparagine 
Figure 5 N-glycosylation of asparagine residues. The first and second sugars 
are the N-acetylglucosamine residues. The third sugar, the mannose residue, can 
be linked to several more sugar residues depending on the host species specifi-
cations (Voet and Voet, p. 271, 1995). 
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gions of the enzyme (Coutinho and Reilly, 1994). The active site is discussed in 
more detail below. 
Other structural features of the catalytic domain include disulfide bridges 
between adjacent cysteine residues and N-glycosylation of asparagine residues. 
Disulfide bridges exist between cysteine residues 20 and 27 (for Corticium rolfsiiand 
Neurospora crassa glucoamylases only), 210 and 213, 262 and 270, 222 and 449. 
Some of these bridges are common among many glucoamylases, especially among 
the Aspergi//ussubfamily, but one or two of them may be lacking in other gluco-
amylases. Disulfide bridges may help maintain protein structural integrity and 
further stabilize the catalytic domain at elevated temperatures (Coutinho and Reilly, 
1997). The disulfide bridge between cysteine residues 222 and 449 keeps the N-
terminal part of the linker in close contact with the catalytic domain. In species that 
possess glucoamylases with shorter linkers, this bridge may help rigidify the linker 
and keep the catalytic and starch-binding domains in closer proximity to each other. 
N-glycosylation occurs at asparagine residues 171 and 395 in many gluco-
amylases (Figure 4). The nitrogen atom of each asparagine side chain is ~-linked to 
the Cl of N-acetyl-D-glucosamine (first sugar), ~(1~4)-linked to a second N-acetyl-
D-glucosamine (second sugar), and finally ~(1~4)-linked to a D-mannose residue 
(third sugar). Beyond the third sugar, there may be further glycosylation, either 
a(1~3)-mannose at Asn171 or a branching structure of a(1~3)-mannose and 
a(1~6)-mannose at site Asn395 (Aleshin et al., 1992) (Figure 5). The functional 
role of N-glycosylation may be to enhance secretion and stability of the enzyme 
since elimination and substitution of Asp395 resulted in greatly reduced secretion 
and thermal stability (Chen, Ford, and Reilly, 1994). Protein glycosylation is 
discussed in more detail below. 
The Starch-Binding Domain 
Aspergillus and Rhizopus glucoamylases possess starch-binding domains. In 
some species, proteolysis occurs at amino acid Pro512 to release the SBD. Protea-
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lysis is post-translational and the truncated form is referred to as GAii, while the 
complete form is known as GAI (Figure 1). When an abundant supply of various 
carbohydrates are available, glucoamylase is capable of hydrolyzing them without its 
SBD. When granular starch or raw starch is the only available carbohydrate, 
however, glucoamylase can still hydrolyze it, but at a rate 80 times slower than if 
the SBD is present (Southall et al., 1999). 
The SBD consists of 108 amino acids, many of which reside in one of the 
eight p-strands that come together to form a twisted p-barrel (Figure 6). A disulfide 
bridge exists between cysteine residues 509 and 604, possibly contributing to the p-
barrel's structural stability. The p-barrel contains two starch-binding sites located 
opposite to the catalytic domain and the linker. Binding site one, composed of 
Trp543 and Trp590, is considered the main recognition site that attaches to the 
starch double helix first. Site two is located at Trp563 and appears to have a 
different functional role in binding than does site one. 
Studies done with the starch analog, p-cyclodextrin, have shown that the two 
sites bind differently and have different dissociation constants, 28 µmol and 6.4 
µmol for sites one and two, respectively. As can be seen in Figure 6, the starch 
strands are roughly perpendicular to each other when bound by the SBD. In their 
natural state within the starch granule, the starch helices lie in a parallel fashion. It 
has been suggested that after site one has bound a starch helix, the second site 
binds another helix in a perpendicular fashion, which may disrupt the surface of the 
starch granule and allow greater access for glucoamylase to further degrade and 
hydrolyze it (Southall et al., 1999). 
Giardina et al. (2001), using atomic force microscopy (AFM) and mutational 
analysis, showed that the SBD causes a conformational change in amylase and both 
binding sites must be functional for this change to take place. Upon binding, 
amylase chains form loops that contain bound protein along their outer perimeter 
(Figure 7). As a result of loop formation, the amylase helices twist along their 
helical axis to make two complete turns within the context of one loop. 
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Site 2 
N-terminus 
Figure 6 A model of the Aspergillus nigerglucoamylase SBD. In the model, two 
starch double helices are bound to the SBD in a perpendicular orientation. The 
eight p-sheets of the SBD are shown (Southall et al, 1999). 
SBD domains 
""' 
..---
catalytic domains 
catalytic domains 
Figure 7 Numerous glucoamylases are bound by their SBDs to two parallel 
starch helices, which may form a loop with the SBDs attached along the outer 
perimeter (Giardina et al, 2001). 
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Upon viewing of Figures 6 and 7, one can see that the two models disagree 
in the way that starch is bound. Figure 6 shows the starch helices bound in a 
perpendicular orientation while Figure 7 shows the starch bound in a parallel 
orientation. Starch granules, however, contain both amylase and amylopectin. 
Amylase is a linear polysaccharide of a-linked (1,4)-D-glucose residues. Amylo-
pectin, on the other hand, is a highly branched structure with many a-linked (1,6) 
bonds. So, it is possible that the structure of the starch may have an effect on how 
it is bound by the SBD (Giardina et al., 2001). 
Deletion studies of the SBD (Chen et al., 1995) have shown that the entire 
domain is needed for complete functional binding of granular starch, yet deletion of 
any part of the SBD has no effect on the enzyme's ability to hydrolyze soluble 
starch. These studies suggest that the CD and SBD may function independently of 
each other. 
The Linker Region 
The linker region of glucoamylase has been the subject of much speculation 
because its exact conformation and function are unknown. As mentioned earlier, 
the linker comprises amino acids 441-508 and joins the CD to the SBD. The linker 
region is rich in serine and threonine residues that are 0-glycosylated with mannose 
sugars (Figures 3 and 8). 
Glycosylation has been studied in many other proteins and past research has 
revealed that it is actually a common phenomena. Proteins that are glycosylated are 
known as glycoproteins and can be as much as 90% carbohydrate by weight. While 
bacteria do not glycosylate their proteins, most eukaryotes do and their glycopro-
teins are involved in a wide array of cell functions that include enzyme activity, cell 
signaling, and protein secretion (Voet and Voet, 1995). 
Glycoproteins vary widely in their carbohydrate content, even for identical 
proteins that one would expect to be similar. This variation is due to a lack of 
processing enzymes, responsible for glycosylation, and is known as microhetero-
10 
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HOCH2 HOCH2 HOCH2 
b b b H / R NH3+ -o- -o- I I 
0-CH-CH 
I N coo-
N =as many as 8 
Figure 8 0-glycosylation of serine or threonine amino acids in the linker region 
of glucoamylase. There can be as many as eight mannose residues attached, but 
more commonly there are three, four, or five (Voet and Voet, p. 272, 1995) 
B-flank 
Tryptophan 317 
Arginine 305 
Glutamte 180 
Glutamate 179 
Glutamate 400 
Tryptophan 52 
a-flank J Tryptophan 120 
Figure 9 The active site of glucoamylase. The a-flank and ~-flank are noted 
along with important catalytic residues. The distance between Glu400 (blue) and 
Glu179 (orange) is given in angstroms (picture generated with the computer soft-
ware Rasmol). 
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geneity. The polysaccharides are attached post-translationally, often at ~-bends, 
and extend outward from the protein surface. As a result of this conformation, they 
do not interfere with internal protein structure (Voet and Voet, 1995). 
0-glycosylated serine and threonine residues are usually grouped into 
independent stretches within the protein. In these stretches, the carbohydrate 
content often accounts for 65-85% of the weight and the serine and threonine 
residues account for 25-40% of the amino acids present. The bulky, hydrophilic 
nature of the attached polysaccharides contributes to an extended conformation for 
this segment of the protein. This extended conformation has led some to suggest 
that these segments may serve a functional role to separate different domains of a 
protein (Voet and Voet, 1995). 
Many of the generalizations made for glycoproteins are true for the linker 
region of glucoamylase. Of the 67 amino acids that comprise the linker region, 39 
of them (about 58%) are serine or threonine residues. The total molecular mass of 
glucoamylase is 81,723 Da while that of the unglycosylated form is 65,789 Da, 
giving an overall carbohydrate content of 19.4% (W/W). The carbohydrate content 
for the linker region of glucoamylase is as high as 73.2%, showing that much of the 
glycosylation is concentrated in this region. The sugars attached to the serine and 
threonine residues are D-mannose sugars, sometimes as many as eight of them to 
one amino acid, but more commonly three, four, or five (Khan et al., 2000). 
Evans et al. (1990) constructed a series of deletion mutants of glucoamylase 
II (amino acids 1-508) to study the function of the linker region. They found that 
up to 30 amino acids can be deleted from the C-terminal end without affecting the 
secretion (from the yeast host Saccharomyces cerevisiae) or the catalytic activity 
when compared to the wild-type enzyme. Further removal of 18 more amino acids 
to amino acid Ser460 had a significant impact on enzyme secretion, and to a lesser 
extent, on enzyme activity. Removal of another 44 amino acids to Thr416 resulted 
in a complete lack of secretion from the yeast host, and thus enzyme activity could 
not be determined. These experiments suggest the linker region has an important 
12 
role in enzyme secretion and deletions beyond amino acid Ser460 abolish secretion 
and affect the enzyme's catalytic activity. 
Libby et al. (1994) constructed a series of mutants that contained internal 
deletions of the linker region, resulting in removal of amino acid residues 466-483 
(GA~3), 485-512 (GA~2), and 466-512(GA~1) from glucoamylase I. Catalytic 
activity, secretion, and intracellular levels were measured and compared to wild-type 
glucoamylase. They found that in liquid cultures, all of the mutants displayed much 
lower levels of secretion than the wild-type enzyme, especially the mutant lacking 
amino acids 466-512, in which activity was barely detectable. Intracellular levels of 
all the mutants were also greatly reduced when compared to the wild-type enzyme, 
probably due to proteolytic degradation of improperly folded enzymes. Interesting-
ly, neither GA~2 nor GA~3 showed a decreased ability to degrade and hydrolyze 
granular starch. This could not be tested with GA~l because of its lack of secretion 
from the yeast host. 
These results suggest that the glycosylated linker, especially residues 466-
483, is necessary for secretion. Deletions in the linker region do not appear to 
affect the catalytic activity or the enzyme's ability to bind to and hydrolyze granular 
starch, a further indication that the CD and the SBD operate independently of each 
other. 
The Reaction Mechanism of Glucoamylase 
Many of the amino acid residues that surround the active-site pocket of 
glucoamylase reside in interhelical loops that are involved in a hydrogen-bond 
network. This network makes contact with residues in the oligosaccharide substrate 
and stabilizes the enzyme transition-state complex. These amino acids are highly 
conserved among glucoamylases and define five segments (S): 
Sl Tyr48, Trp52, Arg54, and Asp55 
52 Lys108, Trp120, Gln124, and Asp126 
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S3 Leu177, Trp178, Glu179, and Glu180 
S4 Arg305, Tyr306, Asp309, Tyr311, Asn315, and Trp317 
SS Glu400, Gln401, Lys404, Ser411, Leu415, and Trp417 
Mutations to these critical residues lead to a loss of glucoamylase catalytic activity 
(Coutinho and Reilly, 1994) (see also Figure 3). 
As already mentioned, glucoamylase is an enzyme that hydrolyzes a-1,4 
glucosidic bonds from the nonreducing ends of starch and other polysaccharides. 
The starch must enter the active-side pocket, undergo catalysis, and then must exit 
the pocket along with ~-D-glucose before another round of catalysis can occur. This 
type of mechanism is rather primitive and results in an overall slow hydrolysis rate 
for the enzyme (Reilly, 1999). 
The hydrolysis of the a-1,4 glucosidic bonds occurs via acid-base catalysis 
and follows the three-step reaction mechanism shown below, where E = enzyme, S 
= substrate, and P = product): 
Ki Ki Kc 
E + S ~ ES ~ E*S ~ E + P 
ES, the initial association complex, is the first step of the reaction where the 
substrate comes into contact with the active site. The active site is composed of 
seven individual subsites, subsite two being the actual location of catalysis. The 
correct positioning for catalysis involves making contact with all the important amino 
acid residues that line the active site and the formation of hydrogen bonds that will 
stabilize the reaction intermediate, E*S. Conserved tryptophan residues play an 
important role in binding to the substrate and in catalysis (Sauer et al., 2000) 
(Figure 9). 
Once the oligosaccharide has made contact with the active site and has 
assumed the correct positioning, the catalytic acid, Glu179, donates a proton to the 
14 
glycosidic oxygen to form an oxocarbenium ion (Figure 10). The reaction inter-
mediate, E*S, undergoes a conformational change, which is considered the rate-
determining step. A water molecule that is positioned close to the catalytic base, 
Glu400, donates a proton to the catalytic base during catalysis. The water molecule 
behaves like a nucleophile and attacks the Cl of glucose, displacing the protonated 
glycosidic oxygen attached to the rest of the oligosaccharide. The newly released 
glucose undergoes a conformational change about its anomeric carbon to form ~-D­
glucose. 
The active site of glucoamylase can be described as being composed of two 
halves, an a-flank and a ~-flank. The substrate is positioned in the middle, separ-
ating the two flanks (Figure 9). Amino acids Trp52, Trp120, and Glu179 reside in 
the a-flank. Mutations to these residues result in a loss of catalytic turnover (lower 
f<r. or kr.at) and stronger binding of the substrate (lower Km). Amino acids Glu180, 
Trp317, and Glu400 reside in the ~-flank. Mutations to these residues result in 
weaker binding (higher Km) of the substrate and inability to obtain correct posi-
tioning for catalysis (Sauer et al., 2000). Table 1 below lists some of the important 
catalytic residues of glucoamylase and the impact on catalysis when these residues 
are mutated. 
The Evolution of Glucoamylase 
Glucoamylase is a very, very old protein. The gene has been found in both 
prokaryotic species Clostridium sp. G0005and the archaeon Methanococcus 
jannaschii. The fact that the gene exists in both of these prokaryotic species 
suggests that it existed before the time bacterial and archaeal domains separated, 
thought to be about 2.5 billion years ago. Both of these species are anaerobic 
thermophiles that inhabit some of the most extreme environments on the planet. 
These environments may be similar to those that existed more than 3 billion years 
ago (Campbell et al., 1999). 
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Figure 10 The three-step reaction mechanism of glucoamylase. Step 1 involves 
the initial association between the enzyme and the substrate. Step 2 involves 
proton transfer to the glycosidic oxygen and formation of an oxocarbenium ion. 
Step 3 results in the formation of p-D-glucose and the remaining oligosaccharide (R) 
(Sauer et al., 2000). 
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Amino Acid 
Substitution kc.at (S-1) Km (mM) Source 
Wild-type GA 14.4 ± 0.05 1.73 ± .014 Sierks et al., 1989 
Lys108~Arg 17.3 ± 0.5 1.52 ± 0.1 Liu et al., 1998 
Trp120~Phe 0.18 ± 0.01 0.91 ± 0.15 Sierks et al., 1989 
Leu177~His 2.6 ± 0.1 5.3 ± 0.5 Sierks et al., 1993 
Trp178~Arg 1.86 ± 0.1 1.52 ± 0.3 Sierks et al., 1993 
Glu179~Gln* 0.047 ± .003* 0.15 ± 0.03* Sierks et al., 1990 
Glu180~Gln 1.53 ± 0.05 41.4 ± 4.6 Sierks et al., 1990 
Ser411~Ala 18.9 ± 0.3 1.26 ± 0.06 Fang et al., 1998 
Wild-type GA 0.28 ± 0.06 0.46 ± 0.06 Christensen et al., 1997 
Trp52~Phe 0.0007 0.04 Christensen et al., 1997 
Trp317~Phe 0.3 ± 0.1 5.0 ± 1.0 Christensen et al., 1997 
Wild-type GA 10.7 ± 0.6 1.21 ± 0.14 Frandsen et al., 1994 
Tyr48~Trp 0.12 ± 0.002 3.92 ± 0.45 Frandsen et al., 1994 
Glu400~Gln 0.29 ± 0.011 14.8 ± 0.9 Frandsen et al., 1994 
Gln401~Glu 3.29 ± 0.37 1.09 ± 0.12 Frandsen et al., 1994 
Table 1 Mutational analysis of some important catalytic residues of 
the active site of glucoamylase. Maltose is the substrate used in these exper-
iments except for Glu179~Gln (*),whose kinetic values with maltose were too low 
to be detected and therefore were obtained using maltoheptaose. Longer sub-
strates, such as maltoheptaose, give lower Km and higher kc.at values. There are 
three separate groups of data within this table, each group having its own wild-type 
data for comparison. 
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As time passes, genes accumulate mutations that lead to amino acid sub-
stitutions. Some areas of proteins can accommodate changes more than others. 
Globular proteins, such as glucoamylase, tend to have clusters of hydrophobic amino 
acids at their interiors and hydrophilic amino acids at their surface where they make 
contact with the surrounding solvent. Hydrophobic domains are somewhat inert to 
evolutionary change because they fulfill important protein structural and functional 
requirements. Amino acid substitutions are tolerated as long as they do not 
interfere with the overall structural integrity of the protein (Coutinho and Reilly, 
1994). 
Hydrophobic cluster analysis is a computational procedure that can identify 
hydrophobic microdomains that exist within globular proteins. It has been used to 
find areas of similarity in glucoamylases from different species. As mentioned 
earlier, glucoamylases share five highly conserved domains (51-55) that reside at 
the interior of the CD of the protein and include the catalytic acid, catalytic base, 
and some other amino acid residues that are involved in hydrogen bonding. The 
conserved domains appear to be located in interhelical loops that connect the a-
helices to each other. The basic (a/a)6 barrel structure of the catalytic domain does 
not appear to change across species, suggesting a high degree of utility involved 
with this type of structure (Coutinho and Reilly, 1994). 
Coutinho and Reilly (1997) constructed an evolutionary tree based on 
parsimony analysis of glucoamylases from seven different subfamilies. These 
subfamilies include C/ostridium, Methanococcus, Arxula, Saccharomyces, Saccharo-
mycopsis, Rhizopus, and Aspergillus (Figure 11 ). They found many insertions and 
deletions present in C/ostridium and to a lesser extent, Methanococcusglucoamy-
lases, that the other glucoamylases did not have. This provides support to the 
theory that the origin of glucoamylase is bacterial. Neither Saccharomyces nor 
Saccharomycopsis glucoamylases possesses a SBD. The SBD is attached at the N-
terminus in the Arxula and Rhizopus subfamilies. 
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Clostridium sp. GOODS 
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Figure 11 The evolutionary tree of glucoamylase obtained from protein parsi-
mony analysis. Subfamilies are in bold and species are in italics (Coutinho and 
Reilly, 1997). 
Table 2A Table 28 Table 2C 
------------------------------------------------------- -------------------------------------------------------------- ----------------------------------------------------------------
Substrate Selectivity Condensation Reactions Amino Acid Substitutions 
100.0 maltose 25.0% glucose Ser411~Ala 
6.0 a,B-trehalose 3.6% isomaltose Gly121~Ala/Ser411~Gly 
3.0 isomaltose 0.5% isomaltotriose Asn20~Cys/ Ala27 ~cys 
2.6 nigerose 0.32% kojibiose Ser119~Tyr 
1.8 kojibiose 0.28% nigerose Gly183~Lys 
0.15% maltose Ser184~His 
0.14% a,B-trehalose 311-314 loop (7 residue 
0.04% panose insertion) 
Table 2 Glucoamylase substrate selectivity, condensation reactions, 
and mutagenesis to reduce isomaltose formation. For Table 2A, substrate 
selectivity is measured on a scale of 1 to 100, with 100 being the highest selectivity. 
For Table 2B, the reaction conditions are at 30% solids concentration, 35°C, and pH 
4.5 (Reilly, 1999). 
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The Aspergillussubfamily reflects evolution towards a more stable enzyme. 
The SBD is attached at the C-terminus and there is a gradual increase in the length 
of the 0-glycosylated linker from C rolfsiito A. awamoriglucoamylase. Heavier 
glycosylation in addition to the N-terminal part of the linker wrapping around the CD 
would contribute to increased stability. In addition to increased stability, a longer, 
more glycosylated linker would contribute to increased secretion. 
More recently, studies have revealed that many bacterial and archaeal 
glucoamylases possess a domain in addition to the catalytic domain which is 
attached at the N-terminus and contains 200 to 310 amino acid residues likely 
arranged in a super-~-sandwich (Aleshin et al., 2003). Since the origin of 
glucoamylase is thought to be bacterial, this domain must have lost its importance 
throughout the course of evolution because many eukaryotic glucoamylases, 
including fungi, do not have this domain. Fungal glucoamylases have the 
glycosylation site Asn395 that aides in secretion and the small subdomain that 
includes a-helix H11 and part of a-helices H10 and H12 that prokaryotic gluco-
amylases do not have. Since glucoamylases from prokaryotes are quite thermo-
philic, the~ domain may have conferred upon them some stability in harsh 
environments. A more recent evolutionary tree shows a clear separation of 
bacterial, archaeal, and fungal glucoamylases (Aleshin et al., 2003). 
Janecek and Sevcik (1999) constructed an evolutionary tree based on 
parsimony analysis of the SBDs from 43 different amylases including glucoamylases 
(tree not shown). They found that the SBD has a separate evolutionary history than 
the CD. The SBD is associated with taxonomic groups rather than the enzyme 
group to which it is attached (a-amylase, ~-amylase, or glucoamylase), dividing into 
either bacterial or fungal SBDs. Certain residues, however, appear to be strongly 
conserved between the two groups. These include the starch-binding site trypto-
phans that are involved in starch recognition: Trp543, Trp563, and Trp590. 
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Industrial Uses of Glucoamylase 
Glucoamylase is used in industry to hydrolyze corn starch into glucose. It is 
among the most highly used enzymes along with a-amylase, glucose isomerase, and 
the proteases. 
Glucoamylase is part of a three-enzyme industrial process. The first step 
involves the liquefaction of starch into starch dextrin by a-amylase. Starch dextrin is 
a short polymer of starch, composed of 5-15 glucosyl residues. This step is done at 
· 1os0 c for 5 min and then at 95°C for 1 h (Figure 12). Glucoamylase is used in the 
second step to convert the dextrin into glucose. This step involves cooling the 
dextrin/a-amylase mixture to 60°C, the optimal operational temperature of gluco-
amylase. At this temperature, the second reaction step can take several days to 
complete. The third step involves glucose isomerase, which is used at SS°C, and 
converts the glucose to a mixture of glucose and fructose. This mixture can be 
processed further via chromatography to yield high-fructose corn syrup. The glu-
cose can also be used to create ethanol (Ford, 1999; Reilly, 1999). 
There are two important properties of gluocoamylase, thermal stability and 
substrate selectivity, that protein engineers have sought to improve to make the 
enzyme more efficient for industrial use. It is costly to cool the liquefied starch from 
95°C to 60°C to accommodate glucoamylase in step two of starch processing. In 
addition, it takes several days to hydrolyze the starch at this lower temperature. 
Improving enzyme thermal stability would make the process more efficient (Ford, 
1999). Enzyme thermal stability is discussed in more detail below. 
Substrate selectivity refers to the catalytic efficiency of an enzyme for 
different substrates. Glucoamylase has a high substrate selectivity for a-1,4 linked 
glucosidic polysaccharides such as starch (Table 2A). In a mixture of carbohydrates, 
glucoamylase product selectivity favors glucose by 96% to 4% of other carbohy-
drates (Reilly, 1999). Changing glucoamylase selectivity towards increasing a-1,4 
bond cleavage over a-1,6 bond cleavage would increase glucose syrup yield. 
Presently, twelve million tons of high-fructose syrup is made each year. Increasing 
~ · •••••••••••••••••••n•••••••••••"•: 
l .... ~~~-~ ... ~ ..... J 
r .................................. : 
l .... ~~~.~ ... ~ .... J 
Glucose isomerase, 55°C 
0.5-4 h 
pH 7.5 
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Maize Starch Slurry 
l a-amylase, 105°C for 5 min 95°C for 1 h pH 6.0 
Liquefied Starch 
1
. Glucoamylase, 60°C for 48-72 h 
pH 4.5 
Glucose Syrup 
Fermentation 
~·•••••••••••••••••••n••••••••••u": 
l .... ~~~.~ ... ~ .... .J 
High Fructose Corn Syrup Ethanol 
Figure 12 Industrial processing of corn starch including the use of glucoamylase 
in Step 2 of the process (Ford, 2002). 
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glucoamylase product selectivity from 96% glucose to 97 .5% glucose would create 
200,000 more tons of glucose syrup per year (Reilly, 1999). 
At high solids concentrations ( rv30% polysaccharide), glucoamylase reaches 
an equilibrium point and begins to form condensation reactions leaving a mixture of 
products as shown in Table 28. Isomaltose is the largest byproduct of these con-
densation reactions and there has been a lot of emphasis on reducing the amount of 
isomaltose formed. Protein engineers have genetically engineered glucoamylase so 
that its active site cannot accommodate the bulky isomaltose a-1,6 linkages. This 
involved changing amino acid residues via site-directed mutagenesis (Table 2C) that 
rigidify a-helices in the catalytic domain so that the active site is more restricted. 
These changes must be made carefully, however, not to reduce the enzyme's 
activity, thermal stability, and selectivity towards a-1,4 bonds (Reilly, 1999). 
Protein Thermal Stability 
Understanding what makes a protein stable at elevated temperatures is 
important for protein engineers who want to improve an enzyme's thermal stability. 
Much has been done in the past 10 years to uncover the aspects of protein folding/ 
unfolding and what contributes to protein stability. In general, several different 
factors are thought to contribute to protein thermal stability. These include hydro-
phobicity, residue packing, deletion/shortening of loops, the number of praline 
residues present in the protein, helical content, polar surface area, hydrogen 
bonding, amino acid substitutions within secondary structures, and the formation of 
salt bridges. 
Kumar et al. (2000) analyzed numerous properties of 165 analogous proteins 
from thermophiles and mesophiles across 18 different families of archaea and 
bacteria. They discovered differences in amino acid frequencies, helical content, 
hydrogen bonding, and salt bridge formation. 
Table 3 shows the frequency of the 20 common amino acids in thermophilic 
and mesophilic proteins. Amino acid frequency differences are considered statisti-
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Thermophilic proteins Mesophilic proteins 
Amino Acid Overall Frequency in Overall Frequency in 
Residue Frequency a-helices Frequency a-helices 
Alanine 449 (8.9) 226 (14.1) 476 (9.2) 176 (13.4) 
Arginine* 231 (4.6) 88 (5.5) 185 (3.6) 51 (3.9) 
Aspartic Acid 316 (6.3) 92 (5.7) 313 (6.0) 61 (4.6) 
Asparagine 219 (4.4) 51 (3.2) 262 (5.1) 48 (3.7) 
Cysteine* 30 (0.6) 2 (0.1) 52 (1.0) 11 (0.8) 
Glutamine 139 (2.8) 59 (3.7) 152 (2.9) 63 ( 4.8) 
Glutamic acid 348 (6.9) 142 (8.8) 311 (6.0) 102 (7.8) 
Glycine 471 (9.4) 66( 4.1) 484 (9.4) 60 ( 4.6) 
Histidine 108 (2.2) 32 (2.0) 111 (2.1) 44 (3.3) 
Isoleucine 351 (7.0) 114 (7.1) 313 (6.0) 85 (6.5) 
Leucine 372 (7.4) 147 (9.1) 399 (7.7) 139 (10.6) 
Lysine 304 (6.1) 124 (7.7) 338 (6.5) 99 (7.5) 
Methionine 118 (2.3) 53 (3.3) 125 (2.4) 39 (3.0) 
Phenylalanine 167 (3.3) 81 (5.0) 178 (3.4) 59 ( 4.5) 
Praline* 211 (4.2) 11 (0.7) 217 (4.2) 17 (1.3) 
Serine* 202 (4.0) 62 (3.9) 286 (5.5) 50 (3.8) 
Threonine 285 (5.7) 71 (4.4) 297 (5.7) 60 (4.6) 
Tryptophan 64 (1.3) 19 (1.2) 62 (1.2) 13 (1.0) 
Tyrosine* 226 (4.5) 72 (4.5) 191 (3.7) 44 (3.3) 
Valine 412 (8.2) 95 (5.9) 422 (8.2) 93 (7.1) 
Total 5023 1607 5174 1314 
Table 3 The distribution of amino acids in thermophilic and mesophilic 
proteins. The first number in each column represents the actual number followed 
by the percentage of each residue in parenthesis. Residues of significance are 
marked with an asterisk (*) (Adapted from Kumar et al., 2000). 
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Tyr116 
Trp120 
Figure 13 A cation-n group interaction involving the cation Lys108, Trp52, 
Trp120, Tyr116, and TyrSO of glucoamylase (Gallivan and Dougherty, 1999). The 
tryptophan residues are shown in green and tyrosine in yellow (picture created with 
the computer software Rasmol). 
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cally significant for cysteine, arginine, praline, serine, and tyrosine. Arginine and 
tyrosine have side chains that are longer than serine and cysteine. They may 
contribute to protein thermal stability by making both local and distant interactions 
with other amino acids, whereas the shorter side chains can only make local 
interactions. In addition, cysteine and serine are considered to be thermolabile, 
succumbing to processes such as oxidation at higher temperatures. 
Among the various interactions that arginine and tyrosine can make are 
cation-n interactions (Gallivan and Dougherty, 1999). Within biological systems, it is 
assumed that the amine groups of amino acids such as lysine and arginine are 
protonated and make energetically favored interactions with the 7t electrons of 
aromatic rings in amino acids such as phenylalanine, tyrosine, and tryptophan 
(histidine can act as either a cation if it is protonated or as an aromatic if it is not 
protonated and can therefore participate in cation-n interactions also). It has been 
calculated that 26% of all tryptophans are involved in one of these interactions and 
over 70% of all arginine sidechains are near an aromatic ring (Gallivan and Dough-
erty, 1999). These cation-n interactions may contribute to a protein's thermal 
stability and it could be a reason why arginine and tyrosine are more numerous in 
thermophilic proteins. Figure 13 shows a cation-n group interaction involving, 
Tyr50, Trp52, Lys108, Tyrl 16, and Trp120 of glucoamylase. 
Thermophilic proteins tend to have more of their amino acid residues in a-
helices (32.0%) than do mesophilic proteins (25.4%) (Kumar et al., 2000). 
Thermophiles seem to have more arginine in their a-helices and tend to lack cys-
teine, histidine, and praline. Praline is considered to be a helix breaker, occurring 
only 0.7% in thermophilic a-helices. These trends in amino acid frequencies and a-
helical content may be due to the need of thermophilic enzymes to have stronger 
protein secondary structure. 
Amino acids can form several different kinds of hydrogen bonding networks. 
Among these are main chain-main chain hydrogen bonds, main chain-side chain 
hydrogen bonds, and side chain-side chain hydrogen bonds. It was found that side 
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chain-side chain hydrogen bonds increase in thermophilic proteins (Kumar et al., 
2000). In addition, an increase in charged residues have been observed in thermo-
philic proteins. Many of these charged residues are located at the surface of the 
protein and participate in electrostatic interactions such as hydrogen bonding and 
salt-bridge formation (Kumar et al., 2000). 
Salt bridges can form between specific amino acids that are close enough to 
each other. These salt bridges include the following amino acid pairs: lysine/aspar-
tic acid, lysine/glutamic acid, arginine/aspartic acid, and arginine/glutamic acid. Salt 
bridges are actually quite common in proteins (Gallivan and Dougherty, 1999) and 
their numbers increase in thermophilic proteins. A good example of this involves the 
enzyme glutamate dehydrogenase. Glutamate dehydrogenase is an oligomer com-
posed of homohexamer units. It is present in the hyperthermophile Pyrococcus 
furiosus and also in the mesophile Clostridium symbiosum. The difference between 
the melting temperatures of the two enzymes is 60°C. Researchers found 107 salt 
bridges in the enzyme from the mesophile and 168 in the enzyme from the thermo-
phile, an increase of 70% (Kumar et al., 2000). Some salt bridge networks can be 
very stabilizing while others may be just marginally so. 
Other trends observed in thermophilic proteins include increased hydro-
phobicity, deletion/shortening of loops, and an overall reduction in length. It is 
thought that the main force that guides protein folding is the tendency to bury 
hydrophobic residues in the core of the protein. Thermophilic proteins have a larger 
number of hydrophobic amino acids with branched side chains such as isoleucine. 
Strengthening the hydrophobic core increases the enthalpy change between the 
folded and unfolded states of a protein and may be a strategy employed by many 
proteins to increase their thermal stability (Kumar and Nussinov, 2001). 
It has also been observed that thermophilic proteins have fewer exposed 
loops at their surfaces than mesophilic proteins (Thompson and Eisenberg, 1999). 
Many of the deletions present in thermophilic proteins correspond to surface loops 
present in their mesophilic relatives. It may be that surface loop deletions lower the 
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conformational entropy between the folded and unfolded states. Placing praline 
residues in key positions that rigidify certain structures within proteins may have the 
same effect toward decreasing entropy and increasing thermal stability. 
Finally, thermophilic proteins are shorter in sequence than their mesophilic 
relatives. Zhang (2000) calculated the mean lengths of proteins from archaea, 
bacteria, and eukaryotes and found that their proteins contain 270 ( ± 9), 330 ( ± 5), 
and 449 ( ± 25) amino acid residues, respectively. This may be, however, more a 
result of evolution and selection for increased protein utility than an attempt to 
make proteins more thermostable. 
An important aspect of protein thermal stability is that every protein family 
has found different ways of dealing with heat. There does not appear to be a 
universal strategy employed by all heat-loving organisms. Some characteristics may 
be seen in some families while others may have found different solutions to 
increasing their thermal stability. 
Glucoamylase Thermal Stability 
Glucoamylase from the Aspergillussubfamily is a moderately thermostable 
enzyme. Its average melting temperature is in the 60°C range. The (a/a)6 barrel 
structure of the catalytic domain is the most thermostable part of the glucoamylase 
protein. Protein unfolding at elevated temperatures occurs in a stepwise process 
with the catalytic domain the last to unfold (Table 4). 
The SBD unfolds at a lower temperature (52°C) when it is separated from the 
CD and the linker, apparently being stabilized by them. Yet the Tm of the CD does 
not change upon separation from the SBD. Another stabilizing force may be N-
glycosylation of the CD and 0-glycosylation of the linker. The N-linked mannose 
residues make 50 hydrophilic contacts with other amino acids in the protein. The 
first 10 0-linked residues within the linker make 67 hydrophilic contacts with the rest 
of the protein, increasing hydrogen-bonding forces that stabilize proteins (Khan et 
al., 2000). 
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Average Subdomain Description Step Tm {CC) 
The linker opens up and is no longer 
1 52.2 Linker attached to the catalytic domain via the disulfide bridge of cysteine residues 
222 & 449. 
2 56.2 SBD The SBD unfolds reversibly. 
Helix H11 and surrounding unfold. Helix 
CD - Helix H11 11 is not a part of the (a/a)6 barrel struc-
3 58.5 and part of helices ture of the CD. This is the least stable hydrophobic unit among the three cata-H10 and H12 lytic subdomains. This subdomain 
unfolds irreversibly. 
CD - Helices Hl, This is a subdomain of medium hydro-
4 62.1 H9, H 13 and part phobicity. This subdomain and the one 
of helices H10 and below lie on opposite sides of the active 
H12 site. This subdomain unfolds irreversibly. 
This is the subdomain of highest hydro-
CD - Helices H2- phobicity. Amino acid substitutions that 
5 65.3 H6, parts of contribute the most to thermostability are 
helices Hl and H7 located in this subdomain. It unfolds 
irreversibly. 
Table 4 Glucoamylase thermal stability. The stepwise process of gluco-
amylase unfolding at elevated temperatures. The rate of heating was done at 
1°C/min (Coutinho and Reilly, 1997; Khan et al., 2000). 
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An interesting comparison can be made between glucoamylases from the 
extremophiles M. jannaschii and C symbiosum to those of the other subfamilies. All 
glucoamylases share the same (a/a)G barrel structure of the CD. The extremophile 
glucoamylases do not contain the hydrophobic unit that includes helix H 11 and parts 
of helices H10 and H12, the least hydrophobic and least thermostable domain of the 
CD. Since helix H11 does not participate in the (a/a)6 barrel structure, its absence 
may be a contributing factor to this glucoamylase's thermal stability, which must 
function at temperatures greater than 85°C (Coutinho and Reilly, 1997). Although 
this glucoamylase can function at high temperatures, it is not as active and efficient 
as the glucoamylase from other mesophillic species. 
The Genetic Engineering of Glucoamylase to Increase Its Thermal Stability 
Several strategies have been employed via genetic engineering to improve 
the thermal stability of glucoamylase. Table 5 below lists some of the amino acid 
substitutions that have been used and their contributions to glucoamylase thermal 
stability. 
Areas of weakness in the glucoamylase protein are the thermolabile 
asparagine-glycine sequences. At elevated temperatures, these sequences undergo 
deamidation and subsequent chain breakage. The asparagine residue loses an 
amide group to form a cyclic imide. The cyclic imide is an intermediate that is 
followed by the formation of an isoaspartyl unit and then possibly peptide breakage 
(Chen et al., 1994, 1995). The best mutation made to decrease this type of 
breakage is the substitution of asparagine 182 with alanine. This substitution 
decreased thermoinactivation rates 2.5-fold at temperatures below 70°C. Above 
70°C, protein unfolding appears to replace deamidation as the fastest deactivating 
mechanism of glucoamylase (Ford, 1999). 
Another approach to increase thermal stability is the substitution of glycine 
residues with alanine residues in a-helices. Apparently, glycine is much more 
flexible with no side chains to inhibit rotation about the peptide backbone. The 
Mutation 
Asn1824Ala 
Gly1374Ala 
Asn204Cys/ 
Ala274Cys 
Ala2464Cys 
Ser304Pro 
Asn204Cys/ 
Ala274Cys 
Ser304Pro 
Gly1374Ala 
Asn204Cys/ 
Ala274Cys 
Ser304Pro 
Thr624Ala 
Ser1194Pro 
Gly1374Ala 
Thr2904Ala 
His3914Tyr 
Table 5 
1999). 
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Description 1111G 11Tm (kJ/mole @ 6S°C) (°C) 
Replaced asparagine with alanine in 
the loop between helices HS and H6. 
Decreased thermoi nactivation rates NR NR 
2.5-fold at 60°C (Chen et al., 1994, 
1995). 
Replaced the glycine residue in helix 
H4 with alanine to rigidify the a-helix +0.8 +1.2 
(Chen et al., 1996) 
Forms a disulfide bridge connecting 
the C-terminal of helix H 1 to the p-
+1.2 +1.4 turn that follows helix Hl (Chen et 
al., 1996). 
Created a disulfide bond between 
cysteine residues Cys246 and Cys320 NR +4.0 
(Fierobe et al., 1996). 
Replaced serine with a praline in the 
loop between helices Hl and H2 (Li +1.6 +1.7 
et al., 1997; Allen et al., 1998). 
Known as the triple mutant, com-
bined the best individual mutations +4.4 +3.9 
(Allen et al., 1998). 
The first "super" mutant. This 
mutant combined the triple mutant 
+3.6 +4.8 
with other thermostable mutations 
(Yue Wang, 2000). 
Mutations to glucoamylase to increase thermal stability (Ford, 
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substitution of glycine with alanine has the effect of stiffening a-helices so they do 
not unfold as easily during thermoinactivation. The best mutation to date is the 
substitution of glycine 137 with alanine. This mutant increased ~G0.8 kJ/mol (at 
65°C) and increased the melting temperature 1.2°C (Chen et al., 1996). 
Another strategy to increase glucoamylase thermal stability involves adding 
cysteine residues to particular areas of the protein so that in its natural folded state 
these cysteine residues lie across from each other, close enough to form a disulfide 
bridge. Disulfide bridges help to stabilize proteins, providing a link between local 
structures that may hold the protein together and thus improve thermal stability. As 
mentioned earlier, a disulfide bridge exists between cysteine 20 and cysteine 27 in 
the fungal species N. crassa and C rolfsii. When this disulfide bridge was added to 
the A. awamori glucoamylase via site-directed mutagenesis, the melting temperature 
increased 1.4°C and the ~Gincreased 1.2 kJ/mol (Chen et al., 1996). Other re-
searchers replaced alanine 246 with cysteine to create a disulfide bridge between 
Cys246 and Cys320. This increased the melting temperature of glucoamylase an 
impressive 4°C (Fierobe et al., 1996). 
Other mutagenesis studies have revealed that the substitution of serine, 
alanine, aspartic acid, and glutamic acid residues with praline improves protein 
thermal stability. The current theory is that praline, with its pyrrolidine ring, 
decreases protein backbone rotation and thus limits the number of conformations 
the protein can explore while it is undergoing thermoinactivation (Li et al., 1997). 
The best of these praline substitutions is Ser30~Pro. This mutation increased the 
melting temperature of glucoamylase 1.7°C and increased ~G 1.6 kJ/mol (Allen et 
al., 1998). 
Combining the above mutations, while not always additive, usually increases 
thermal stability more than any of the single mutations by themselves. A good 
example of this is the creation of the triple mutant, a combination of Asn20~Cys/ 
Ala27~Cys, Gly137~Ala, and Ser30~Pro. This combination of mutations increased 
the melting temperature 3.9°C and increased ~G4.4 kJ/mol (Allen et al., 1998). 
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Finally, the first "super" mutant was created when other thermostable single muta-
tions were combined with the triple mutant. This mutant {THS8) increased the 
melting temperature of glucoamylase 4.8°C and increased ~G3.6 kJ/mol (unpub-
lished results, Wang, 2000). 
Research Objectives - Directed Evolution of Glucoamylase 
Directed evolution is a powerful tool that scientists can use to develop en-
zymes with new characteristics and functions that were not previously supplied by 
nature. Enzymes can be evolved to improve certain characteristics such as sub-
strate specificity, thermal stability, and catalytic activity. An advantage to this 
method is that one does not have to analyze the structure of the enzyme and make 
rational choices about which amino acids should be changed at a given location 
within the enzyme. The directed evolution experiment is free to explore these 
aspects given the size of the resulting mutant library is sufficient (You and Arnold, 
1996). 
The technique often employed to evolve enzymes is random mutagenesis 
(see Random Mutagenesis, p. 46). The cDNA of the particular enzyme of interest is 
mutagenized via mutagenic PCR. The scientist has some control over the types of 
mutations that appear in the DNA product. The ratio of nucleotides can be adjusted 
to favor a given base over another. If the ratio of guanine to adenine, cytosine, and 
thymine is 10 to 1, guanine is more likely to be inserted whenever the polymerase 
makes an error. 
Just as important as random mutagenesis is the type of screening method 
employed. The screening method must identify those mutants that possess the 
given characteristic that one is trying to create. Care must be taken that other 
important characteristics such as protein expression levels and enzyme kinetics are 
not compromised. The best way to accomplish this is to include these features in 
the screening method. Once random mutagenesis has been done and the mutants 
screened for, more rounds of mutagenesis can be performed or the mutations can 
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be identified and combined into one enzyme via site-directed mutagenesis. In the 
end, the evolved enzyme may be many times more capable of accomplishing its 
given task than the wild-type enzyme which existed at the beginning of the directed 
evolution experiment. 
In this research, our goal was to create a more thermostable glucoamylase 
via directed evolution without compromising other characteristics such as protein 
expression levels, substrate specificity, and enzyme kinetics. 
The first step was to perform random mutagenesis of the cDNA of the A. 
awamori glucoamylase gene. We began with the GA gene that had been ligated 
into the yeast/ E co/ishuttle vector YEpPM18 (see Plasmids, pp. 37-38). This vector 
was then used in mutagenic PCR and the resulting PCR product was transformed 
into S. cerevisiae. The yeast were spread and grown on SD+ His+ 1 % starch plates 
and covered with a nitrocellulose membrane. Since glucoamylase is secreted, some 
of the enzyme was secreted onto the membrane and was further processed via a 
reliable screening method. 
The screening method of choice was one that screens for thermal stability, 
protein expression to a certain degree, and enzyme activity - the ability to hydrolyze 
starch. To screen for thermal stability, the nitrocellulose membranes were heated in 
0.05 M sodium acetate, pH 4.5, buffer. The enzyme is most active in this buffer. 
The heating took place at temperatures between 65°C and 85°C for 5, 6, or 7 min at 
a time. The heated membranes were placed on 1 % starch plates and incubated at 
50° C for 2 days. The residual activity of the glucoamylase mutants that survived 
the heat treatment allowed hydrolysis of the starch in the 1 % starch media. When 
the plates were stained with iodine, a white halo where the starch had been hydro-
lyzed into glucose was visualized. This final step also screened for enzyme activity, 
for if the enzyme could not hydrolyze starch, no halo would be seen. The size of the 
halo may be indicative of protein expression levels or catalytic efficiency, or both. 
The mutants that passed the screening process and presented the most 
promising halos were then sequenced and their mutations identified. These 
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mutations could then be combined via random recombination using the yeast 5. 
cerevisiae as the host organism. Yeast possess the unique ability to homologously 
recombine fragments of DNA with overlapping sequences (Figure 14). This can lead 
to new combinations of mutations and their cumulative contribution can be investi-
gated. Finally, all promising mutations were combined into one "super" mutant via 
site-directed mutagenesis and the kinetics defined in further enzyme assays. 
Since the creation of the triple mutant (Gly1374Ala, Ser304Pro, and 
Asn204Cys/Ala274Cys), random mutagenesis has been used to give rise to 
many new series of mutants (Figure 15). Random mutagenesis of wild-type gluco-
amylase gave rise to a series of primary mutants that included Ser304Pro, Thr290 
4Ala, Thr3904Ser, and His3914 Tyr (Fuchs and Seibel). Subsequent in vivo re-
combination of the primary mutants gave rise to the pR series mutants. Random 
mutagenesis of CS led to the creation of the M series of mutants including the 
mutation Thr624Ala (Wang, 2000). Finally, random mutagenesis of the Triple 
mutant gave rise to the pT series of mutants including the mutations Ser119 4Pro, 
Ser2114Pro, Ser2404Gly, Glu2804Val, Ser4364Pro, and Thr4524Ser (Fuchs, 
1998). 
The directed evolution experiments of this study began with the in vivo 
recombination of 24 thermostable mutants from the pR series, M series, CS, and the 
pT series. These mutants were selected mainly for the intensity of their white halos 
on 1 % starch plates that had been stained with iodine. 
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5' 
Glucoamylase gene 
Figure 14 Random recombination of glucoamylase. The yeast is capable of 
recombining DNA fragments with overlapping sequences to create a new gene with 
new combinations of mutations. 
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Wild-type Glucoamylase 
Random mutagenesis3 1 
Gave rise to primary mutants 
including - S30P, T290A, T390S, 
H391Y 
Random recombination3 1 
In vivo 
j 
CS - S30P, H391 Y, 
Y527C 
1 
Gave rise to the pR 
series of mutants 
j Random mutagenesis4 
Gave rise to the M series of 
mutants including T62A 
CS - S30P, H391Y, 
Y527C 
pR series of 
mutants 
1 Site-directed mutagenesis1 
N20C, N27C, G137A l Site-directed mutagenesis2 
The triple mutant 
N20C,N27C,G137A,S30P 
j Random mutagenesis5 
Gave rise to the pT series of mutants 
including S119P, S211P, S240G, 
E280V, S436P, and T452S 
M series of 
mutants 
pT series of 
mutants 
After several years of mutagenesis, these were the final most thermostable 
mutants. We selected 24 mutants from these four final groups of mutants 
for further mutagenesis experiments. 
Figure 15 Flowchart of mutagenesis that has been done in the Ford lab (up to 
the year 1999) to increase glucoamylase thermal stability. Research associates are 
1) Li Y and Coutinho PM, 2) Allen MJ and Coutinho PM, 3) Fuchs EB and Seibel J, 4) 
and 5) Fuchs EB. 
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Materials and Methods 
Plasmids 
DNA manipulations in yeast were done using the yeast episomal plasmid 
YEpPM18 (Figure 16), a generous gift from Cetus Corporation (Emeryville, Ca.). It is 
a 12.3-kb vector containing a 2.2-kb cDNA of the A. awamori glucoamylase gene, 
the yeast 2µ vector for replication in yeast, and a leu2 gene for production of the 
amino acid leucine. YEpPM18 is a shuttle vector that can be used in £ coli cells in 
addition to yeast S. cerevisiae cells. It contains a section of the plasmid pBR322 
that carries the origin of replication and the ampicillin resistance gene for selection 
of bacterial transformants. Expression of the glucoamylase gene is controlled by the 
EN01 promoter and terminator (Innis et al., 1988). 
The plasmid pALTER-1 (Figure 17 A) was used to perform site-directed 
mutagenesis with Promega's (Madison, WI.) Altered Sites II in vitro Mutagenesis 
System. PALTER-1 is a 5. 7-kb vector with both ampicillin and tetracycline genes, 
which could be made resistant or sensitive to either antibiotic with the knockout 
oligos provided with the kit. This allowed for successive rounds of mutagenesis/ 
screening in JM109 and ES1301 £ coli cells. PALTER-1 also contains the lacZ gene, 
which can be used with IPTG and X-Gal to select for recombinant plasmids (Pro-
mega Corp., 1995). 
The plasmid pBluescript II KS ( +/-) or pBKs<+) from Stratagene (La Jolla, Ca.) 
is a 3-kb phagemid vector (Figure 178) that was also used for site-directed muta-
genesis. The multiple cloning site is flanked by T3 and T7 RNA promoters. The 
plasmid carries the ampicillin resistance gene for the selection of transformants. Its 
smaller size made PCR applications more efficient (Stratagene, 2002). 
Origin of 
Replication 
~ 
Eco RI 
Yeast 2µ 
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Figure 16 Schematic representation of the yeast/bacterial shuttle vector 
YEpPM18. 
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Figure 17 Schematic representation of pALTER-1 (A) and pBKS<+> (B). 
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Media 
LB medium 
LB (Luria-Bertani) medium was used to grow bacterial cultures of JM 109, 
ES1301, and DHSa £coli cells that carried the pALTER-1, YEpPM18, or pBKsC+) 
plasmids. LB medium was used in both liquid cultures and agar plates. 
For 1 L of LB medium, 10 g of Bacto Tryptone (Difeo), 5 g of Bacto yeast 
extract (Difeo), and 10 g of NaCl (Fisher) were added to 1 L of deionized H20. The 
pH was adjusted to 7.0 with 5 N NaOH. The solution was sterilized by autoclaving 
for 20 min. on liquid cycle at 15 psi. When LB plates were needed, 10 g of Bacto 
agar (Difeo) were added to a 500-ml volume of medium before autoclaving 
(Sambrook and Russell, 2001). 
SOC medium 
SOC medium was used to grow DH5a £ coli cells at 37°C for 1 h after 
genetic transformation procedures and before cells were spread on LB plates. 
For 1 L of SOC medium, 20 g of Bacto tryptone, 5 g of yeast extract, and 10 
ml of 1 M NaCl were added to 900 ml of deionized H20. To this solution 10 ml of 
1 M KCI (Fisher) was added and the solution was brought to 960 ml with deionized 
H20. The pH was brought to 7 .0 with 1 N NaOH and the solution was sterilized by 
autoclaving for 20 min on liquid cycle at 15 psi. Once the solution cooled, 10 ml of 
2 M MgCb (Fisher Scientific) and 20 ml of 1 M glucose (Fisher) were added. This 
solution was then sterilized by passing it through a 0.22-µm filter (Sambrook and 
Russell, 2001). 
2XYT medium 
2XYT medium was used to grow liquid cultures of £ coli strains ES1301 and 
JM109 that were to be made into electrocompetent cells and stored at -80°C. 
For 1 L of 2XYT medium, 16 g of Bacto tryptone, 10 g of Bacto yeast extract, 
and 5 grams of NaCl were added to 1 L of deionized H20. After stirring for 30 min, 
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the pH was adjusted to 7.0 with 5 N NaOH. The media was sterilized by autoclaving 
for 20 minutes on liquid cycle at 15 psi (Sambrook and Russell, 2001). 
SD+ Histidine+ 1 % Starch medium 
This medium was used to make agar plates on which yeast C468 cells that 
had been transformed with the plasmid YEpPM18 could grow. Yeast that did not 
carry the YEpPM18 vector could not grow on this media because it does not contain 
all the nutrients necessary to sustain them (see also C468 cells, p 45). Sometimes a 
medium of SD (synthetic dextrose) + histidine was made without the starch in order 
to grow yeast in liquid culture so the glucoamylase could be collected from the 
supernatant. 
For 1 l of this medium, 10 g of soluble starch (Fisher) was added to 600 ml 
of deionized H20 and brought to a boil for 3 min. Another solution of 150 ml 
deionized H20, 1.7 g of Yeast Nitrogen Base (Difeo), 20 g of D-dextrose (anhydrous, 
Fisher), 5 g of ammonium sulfate (Fisher), and 4 ml of l-histidine (5 mg/ml, Sig-
ma) was added to the starch solution. The volume was brought to 1 l with de-
ionized H20 and then sterilized by autoclaving for 20 min on liquid cycle at 15 psi. 
When agar plates were needed, 10 g of Bacto agar were added to 500 ml of 
medium before autoclaving (Sherman et al., 1983). 
YPD medium 
YPD is a rich medium used in liquid culture and agar plates to grow S. 
cerevisiae yeast C468 cells. Yeast were grown in this medium prior to trans-
formation. 
For 1 l of YPD medium, 10 g of Bacto yeast extract, 20 g of Bacto Peptone 
(Difeo), and 20 g of D-dextrose were added to 1 l of deionized H20. The solution 
was stirred for 30 min and then autoclaved for 20 min on liquid cycle at 15 psi. 
When agar plates were needed, 10 g of Bacto agar were added to 500 ml of 
medium before autoclaving (Sherman et al., 1983). 
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Ligation of DNA 
Plasmid DNA was frequently cut with restriction enzymes and ligated into 
other vectors. All of the super mutants (RE15 and SRE15) were constructed in this 
way. T4 DNA ligase, purchased from Promega, was the enzyme of choice for liga-
tions. All ligations were done at room temperature and allowed to proceed for 3 h 
(Sambrook and Russell, 2001). 
Restriction Digests 
Restriction enzymes were purchased from Promega. All restriction digests 
were done at 37°C and allowed to proceed for at least 4 h following the method of 
Sambrook (1989). DNA from ligations and restriction digests were checked by run-
ning on an agarose gel and then staining with ethidium bromide. 
DNA Sequencing 
All DNA sequences were verified by dideoxy chain-termination sequencing 
that was done by the staff at the DNA Sequencing Center at Iowa State University. 
Sequencing primers NF1, NF2, NF3, NF4, NFS, and NF6 were used to sequence the 
glucoamylase gene and covered nucleotides 75-2200 in the gene (Table 6) (Sam-
brook and Russell, 2001). 
Plasmid DNA Extraction 
Bacterial Culture 
Plasmid DNA from bacterial culture was extracted using Promega's Wizard 
Plus Minipreps DNA Purification System. Cultures (5-10 ml) that were grown up 
overnight were centrifuged and cells pelleted. The supernatant was removed and 
400 µI each of Cell Resuspension solution, Cell Lysis solution, and then Neutral-
zation solution were added in sequence to the cell pellet. This mixture was centri-
fuged and the supernatant collected. The supernatant was passed through a 
syringe barrel/minicolumn assembly to which the plasmid DNA would adhere with 
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Primer 
Name Table of Primers 
NF primers used for DNA sequencing of the glucoamylase gene 
NFl 5' - cc CTG AGC GGC ere GTC TGC A - 3' 
NF2 5' - C TCC GCC CAG GCA ATT GTC CA- 3' 
NF3 5' - CG ATT GCT GTG CAA CAC CGC G - 3' 
NF4 5' - TC AGT GAC AGC GAG GCT GTT G - 3' 
NFS 5' - C GCA AGC AAC GGC TCC ATG TC - 3' 
NF6 5' - ACC AGC AAG ACG ACC GCG ACT - 3' 
PCR primers used for the glucoamylase cDNA gene 
GA528 5'-ACC GCC AGA TATTCA TIA CTI G-3' 
GA529 5' -TAC TCA AAC GAC TCA CCA GCC - 3' 
Primers used for site-directed mutagenesis (Promega Kit) 
S211P 5'-TCG TCC TGC CCC TGG TGT GAT-3' 
Primers used for site-directed mutagenesis (Stratagene Kit) 
V881-A 5' -TCC GCC CAG GCA ATT ATC CAG GGT ATC AGT AAC C - 3' 
V881-B 5' - G GTT ACT GAT ACC CTG GAT AAT TGC CTG GGC GGA G - 3' 
D293A-A 5' - CA ATC TAT ACC ere AAC GCT GGT ere AGT GAC AG - 3' 
D293A-B 5' - GTC ACT GAG ACC AGC GTT GAG GGT ATA GAT TGA GCG - 3' 
Y402F-A 5' -TCC ATG TCC GAG CAA TTC GAC AAG TCT GAT GGC- 3' 
Y402F-B 5' - cc ATC AGA CTI GTC GAA TTG ere GGA CAT GGA G - 3' 
E408K-A 5' - GAC AAG TCT GAT GGC AAG CAG CTI TCC GCT CGC - 3' 
E408K-B 5' - AGC GGA AAG CTG CTT GCC ATC AGA CTI GTC G - 3' 
Table 6 Primer sequences used for DNA sequencing and mutagenesis. 
Single base-pair mutations that led to an animo acid substitution are in bold type 
and the codon is underlined. 
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the addition of a resin. The plasmid DNA was washed with Column Wash solution 
and allowed to dry with the application of a vacuum. Warm water (50°C) was 
added to the minicolumn and the plasmid DNA was released and collected in a 
microcentrifuge tube. Sometimes the DNA would be precipitated using ethanol 
when a more concentrated sample was desired (Promega, 1995). 
Yeast Culture 
YEpPM18 plasmid DNA was extracted from yeast culture using the Pierce Y-
Der Yeast DNA Extraction Reagent Kit. A 10-mL culture of S. cerevisiae that was 
grown overnight was centrifuged and the pellet collected. The pellet was resus-
pended in the Y-Per Reagent until the mixture was homogenous. This mixture was 
incubated at 65°C for 10 min, centrifuged, and the supernatant discarded. To the 
pellet 400 µI of both DNA Releasing Reagent A and then DNA Releasing Reagent B 
was added, mixed thoroughly, and then incubated at 65°C for 10 min. To this mix-
ture 200 µL of Protein Removal Reagent was added, mixed, centrifuged, and then 
the supernatant was transferred to a 1.5-ml centrifuge tube. The supernatant was 
combined with 600 µL of isopropanol, mixed, and then centrifuged to pellet the 
DNA. The supernatant was discarded and the pellet was washed with 70% ethanol, 
centrifuged, and air-dried. The DNA pellet was subsequently resuspended in sterile 
water (Pierce, 2001). 
Cell Strains 
JM109 
JM109 E coli cells (endA1, recA1, gyrA96, thi, hsdR17(rk-, mk+), relA1, 
supE44, "A-, ~(lac-proAB), [F', traD36, proAB, laclqZm15]) were used with the 
Promega Altered Sites II In Vitro Mutagenesis System. PALTER-1 + GA plasmids 
were transformed into JM109 cells after mutant selection in ES1301 cells. JM109 
cells favored propagation of the mutant plasmids over the wild-type plasmids 
(Yanisch-Perron et al., 1985). 
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ES1301 
ES1301 E coli cells (lacZ53, mutS201, Tn5, thyA36, rha-5, metB1, 8eoC, 
IN(rrnD-rrnE)) were used with the Promega Altered Sites 11 /n Wtro Mutagenesis 
System. The newly synthesized mutant plasmids were transformed into the strain 
because the mutS genotype prevents repair of the mutations (Yanisch-Perron et al., 
1985). 
DH Sa 
DHSa E co/icells (F, ~80dlacZ~m15~(1acZYA-argF) U169, deoR, recA1, 
endA1, hsdR17(rk-, mk+), phoA, supE44, A.-, thi-1, gyrA96, relA1) from Life Tech-
nologies (Rockville, MD) were used for subcloning mostly with the YEpPM 18 
plasmid. This strain is capable of being transformed with large plasmids such as 
YEpPM 18. The transformation procedure involved heat-shock methods (Invitrogen, 
2001) 
XL1-Blue 
XL1-Blue supercompetent E Colicells (recA1, endA1, gyrA96, thi-1, hsdR17, 
supE44, relA1, lac[F', proAB, laclqZ~m15, Tn10 (Tetr)]) from Stratagene (La Jolla, 
CA.) were used mainly for site-directed mutagenesis with the RE15 glucoamylase 
cDNA in the pBKsC+) vector. Transformation of XU-Blue supercompetent cells 
involved heat-shock methods (Stratagene, 2002). 
Yeast C468 
Yeast S. cerevisiaeC468 cells (a, leu2-3, leu2-112, his3-11, his3-15, mar) a 
gift from Cetus, was the primary host strain used for all DNA manipulations involving 
yeast. The yeast episomal plasmid, YEpPM18, can easily be selected for with its 
complementary leucine 2 gene to those yeast colonies not carrying the plasmid. 
The medium upon which these cells are grown must contain the amino acid histidine 
while lacking leucine for the selection scheme to work (Sherman et al., 1983). 
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Conditions of Growth 
All E coli cells were grown at 37°C either in liquid culture or on agar plates. 
Yeast S. cerevisiae C468 cells were grown at 30°C in either liquid culture or on agar 
plates (Sherman et al., 1983). 
Random Recombination 
YEpPM18 plasmid DNA containing the glucoamylase gene from 24 relatively 
thermostable mutants (created by previous lab members Martin Allen, Yue Wang, 
Erica Fuchs, and Janice Seibel) were pooled together, cut with EcoRI, and then 
amplified by PCR to create more DNA. This DNA was then cut with the restriction 
enzymes Bgll, Bsshll, Nrul, and Kpnlin separate tubes. This cut DNA was then 
transformed into electrocompetent yeast C468 cells. Yeast have the ability to re-
combine overlapping sequences of DNA to create a new gene with new combin-
ations of mutations (Okkers et al., 1997). 
Random Mutagenesis 
Mutagenic PCR was used to accomplish random mutagenesis. In separate 
reaction tubes, one of the dNTPs was lowered to 2.5 mM while the other three 
dNTPs were kept at 12.5 mM. Having a variation in dNTP concentration encouraged 
Taq polymerase to favor the 12.5 mM dNTPs over the dNTP kept at 2.5 mM when-
ever it made an error during DNA replication. Manganese (MgCl2) was added to the 
PCR mix to lower Taq polymerase's ability to accurately replicate the template DNA 
and thus random mutations appeared in the glucoamylase gene. The DNA was then 
cleaned up and transformed into S. cerevisiae electrocompetent C468 cells. 
Transformation Procedures 
Creating Electrocomoetent Yeast Cells 
S. cerevisiae C468 cells were transformed with the yeast episomal vector 
YEpPM18. A small culture of yeast was grown for about 16 h or until the 0.D.600 
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= 1.3-1.5. The next day, the cells were harvested by centrifugation and then 
resuspended in YPD medium. A solution containing 1 M HEPES (pH 8.0) and 1 M 
DTT were added and the cells were incubated for 15 min. The cells were then re-
peatedly washed with cold deionized H20 and centrifuged three times. Finally, the 
cell pellet was washed and then resuspended in 1 M sorbitol. 
For transformation, the electrocompetent yeast C468 cells were placed in 
cuvettes with rvl50 ng of YEpPM18 plasmid DNA and then electroporated using the 
Invitrogen (San Diego, CA.) electroporator II. After electroporation, the cells were 
washed with cold 1 M sorbitol, centrifuged, and then resuspended in YPD medium 
(Invitrogen, 1993). 
Creating Electrocompetent E coliCells 
DH5a, ES1301, and JM109 E coli cells were transformed with YEpPM18, 
pALTER-1, and pBKsC+) plasmids. One L of 2XYT medium was inoculated with E coli 
culture and incubated until an O.D.500 of 0.6 was attained. The culture was chilled 
for 15 min and then centrifuged. Chilled deionized H20 was added and the cells 
were centrifuged again. The supernatant was discarded and the cell pellet was 
washed with cold 10% glycerol twice until finally being frozen at -80°C in small 
aliquots. 
For transformation, electrocompetent E coli cells were placed in cuvettes 
with rvlOO ng of plasmid DNA. The cells were electroporated and then placed in 
SOC medium at 37°C for 30 min to recover before being spread on LB + ampicillin 
or tetracycline plates (antibiotic concentrations: ampicillin=125 µg/ml and tetra-
cycline= 12.5 µg/mL) (Invitrogen, 1993). 
Transformation via Heat-Shock 
E coli cells were taken from -80°C storage and thawed on ice. Once thawed, 
a 50-µL aliquot of cells were added to 1-3 µL ("' 100 ng) of DNA in a polypropylene 
tube. The tubes were chilled on ice for 30 min. After chilling, the tubes were heat-
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pulsed for 45 sat 42°C in a warm-water bath and then chilled again for 2 min. 
Preheated (42°C) SOC medium was added to each of the tubes and they were 
incubated at 37°C for 1-2 h with shaking at 225 rpm. After incubation, the trans-
formed cells were spread on LB plates with either ampicillin or tetracycline antibiotic 
(depending on which plasmid was being used). The plates were incubated overnight 
in a dry incubator at 37°C and then analyzed for colony growth the next day 
(Stratagene, 2002). 
Plate Thermostability Assay 
Transformed S. cerevisiae yeast C468 cells were grown on SD+ histidine+ 1 % 
starch plates and covered with a nitrocellulose membrane. The plates were placed 
in an incubator for four d at 30°C. While the yeast cells were growing, the gluco-
amylase was secreted from the cells onto the plate media and nitrocellulose mem-
brane. Once the colonies had grown, the membranes were removed from the ·plates 
and placed in 0.05 M Na acetate, pH 4.5 buffer. The membranes/buffer were 
heated at temperatures of 75-80°C for 1 to 8 min. 
The intention of this assay is to subject the secreted glucoamylase to various 
temperatures (usually 75-80°C) for different lengths of time. The wild-type gluco-
amylase will denature at lower temperatures while the glucoamylases containing 
thermostable mutations will remain intact. The temperature and length of heating 
varied according to the objectives of that particular screening. After the membranes 
were heated and washed in 0.05 M Na Acetate, pH 4.5, buffer, they were placed on 
1 % starch plates, wrapped with parafilm, and then heated at S0°C for two days in a 
dry incubator. During this time, any active glucoamylase that survived the heat 
assay will be able to hydrolyze the starch in the media. 
Starch Plate Staining Assay 
Intact glucoamylases that survived the plate thermostability assays were 
capable of hydrolyzing the starch in the medium and created a white "halo" or 
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clear area in the medium where the starch had been hydrolyzed. These halos can 
easily be visualized when the plates are stained with iodine vapors for 3 to 4 min. 
The iodine vapors stain the starch medium a brilliant cobalt blue while leaving the 
halos unstained. Enzyme thermal stability can be visualized and to a lesser degree 
quantified depending on the brightness of the halo (Results section). The bright-
ness of the halos were measured and quantified using digital imaging analysis at the 
Iowa State University Digital Imaging Center. 
Site-directed Mutagenesis 
Altered Sites II in vitro Mutagenesis 
Promega's Altered Sites II in vitro Mutagenesis System was used to obtain the 
site-directed mutation Serine211~Proline. The pALTER-1 vector contains genes for 
ampicillin and tetracycline resistance. The kit comes with both knockout and repair 
oligos for both antibiotic genes so that new mutations can be selected in successive 
rounds of mutagenesis. The glucoamylase gene was cloned into the pALTER-1 
vector and then the plasmid was denatured with 2 M NaOH. The mutagenic, ampi-
cillin repair, and tetracycline knockout oligos were annealed to the single-stranded 
template. T4 DNA polymerase and T4 DNA ligase were used to synthesize the 
mutant strand and ligate the oligos into the newly synthesized plasmid. The 
mutS201 genotype prevents the repair of the newly created mutation. The plasmids 
were then transformed into ES1301 electrocompetent £ coli cells. The transformed 
cells were grown up in liquid cultures, the plasmid DNA isolated, purified, and then 
used to transform JM109 electrocompetent £ coli cells. The JM109 £ co/istrain 
favored propagation of mutant plasmids over the wild-type plasmids. Transformed 
colonies were selected, the DNA isolated, purified, and then taken to the ISU DNA 
Sequencing Facility for sequencing (Promega, 1995) 
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QuikChange Site-Directed Mutagenesis 
Stratagene's QuikChange Site-Directed Mutagenesis Kit was used to obtain 
the following mutations: Val88~Ile, Asp293~Ala, Tyr402 ~Phe, and Glu408--+Lys. 
The glucoamylase gene was inserted into the pBKsC+) vector. The pBKsC+) plasmid, 
primers with mutations, dNTPs and DNA polymerase were combined for PCR which 
included 12 cycles. After PCR, the restriction enzyme Dpnlwas added to the re-
action mix to degrade the methylated parental DNA. XL1-Blue supercompetent £ 
coli cells were transformed with the DNA mixture via heat-shock methods (see 
transformation procedures above) (Stratagene, 2002). 
Production and Purification of Glucoamylase 
The glucoamylase protein can be produced by yeast S. cerevisiae C468 cells 
that have been transformed and carry the YEpPM18 plasmid. These cells express 
and secrete the protein into the surrounding medium. Usually, a 4-L culture of 
SD+histidine was inoculated with a yeast colony. The culture was grown for five 
days (5x24 h) in a 30°C incubator with moderate shaking at 120 rpm. After 5 days, 
the glucoamylase had been secreted into the supernatant. The culture was har-
vested by centrifugation and the supernatant collected for further processing. 
The supernatant was cleaned and concentrated by passing it through an 
Amicon (Beverly, MA) Ultrafiltration System. It was diafiltered by adding 0.1 M Na 
Acetate/0.5 M NaCl, pH 4.5, buffer until the final volume was 150-200 ml. This 
concentrated supernatant was passed through an acarbose-sepharose affinity 
column that had been equilibriated with the 0.1 M Na acetate/0.5 M NaCl, pH 4.5, 
buffer. The glucoamylase was then eluted from the column with 1.7 M Tris-Cl, pH 
7 .6, buffer. 
The glucoamylase/Tris-CI buffer was dialyzed against deionized H20 using 
Fisher dialysis tubing (flat width= 25 mm, M.W. cut-off= 12,000-14,000 Da). After 
dialysis, the glucoamylase solution was filtered with 0.05 M Na acetate, pH 4.5, 
buffer and concentrated to a 5 ml sample using the Amicon Stirred Cell Ultra-
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filtration System. The sample was sterilized by passing it through a 0.22-µm filter 
and stored at 4°C. 
Protein Concentration Determination 
The concentration of the glucoamylase was determined by using the BCA 
Protein Assay Reagent (Pierce). Bicinchoninic acid (BCA) combines with the protein, 
reducing Cu2+ to form a BCA•Cu+ complex. This compound exhibits a strong 
absorbance at 562 nm and allows the spectrophotometer quantification of the 
glucoamylase. Protein standards were made with known concentrations of bovine 
serum albumin (BSA) (Pierce, 1993) 
Specific Activity Assay 
A specific activity assay was done to measure the activity of glucoamylase. 
Activity can be defined as the amount of enzyme necessary to produce 1 µmol of 
product per min (one international unit, IU). The activity assay was done at S0°C 
using six duplicated series to get an average of the activity. One microgram (100 
µL) of glucoamylase was added to each of six reaction tubes containing 4% (w/v) 
maltose in 0.05 M Na acetate, pH 4.5, buffer. Aliquots of 100 µL were taken from 
each reaction tube at 5, 10, 15, 20, 25, and 30 min. Each aliquot was added to 40 
µL of 4 M Tris-Cl, pH 7 .0 (final concentration = 1.1 M Tris) in a small test tube and 
vortexed immediately to stop the reaction. 
Once all the time points were taken, 1 ml of a glucose oxidase/peroxidase/o-
dianisidine dihydrochloride solution by Sigma Diagnostics (St. Louis, MO) was added 
to each test tube. The tubes were vortexed and then incubated at 37°C for 35 min 
in a dry incubator. As the maltose is hydrolyzed to glucose, the addition of the 
glucose reagent follows these general reactions: 
Glucose Oxidase 
H202 + o-Dianisidine 
(Colorless) 
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Peroxidase 
Oxidized o-Dianisidine 
(Orange/Brown) 
The intensity of the orange color is directly proportional to the amount of glucose 
present in the solution. Glucose standards were made and absorbance measured 
with a spectrophotometer at 450 nm. Specific activity was obtained with the 
software application SigmaPlot (Jandel Scientific). 
Enzyme Kinetics 
Enzyme kinetics was done to determine the Km and Vmax of glucoamylase. 
In this assay, ten different maltose concentrations were used making sure the upper 
concentrations were saturating. The maltose concentrations were 0.25, 0.50, 0.75, 
1.0, 1.25, 1.5, 2.0, 3.0, 4.0, and 5.0 mM. Each maltose dilution contained maltose 
dissolved in 0.05 M Na Acetate, pH 4.5, buffer. For each maltose concentration, six 
separate time points were taken at 5, 10, 15, 20, 25, and 30 min. To each reaction 
tube, 4 µg of glucoamylase enzyme was added and the assay was done at 35°C. At 
each time point, 100 µL of the enzyme mixture was taken from each reaction tube 
and added to a small test tube containing 4 M Tris-Cl, pH 7 .0. As in the specific 
activity assay, the glucose oxidase/peroxidase/o-dianisidine solution was used to 
determine glucose levels at each time point. One ml of glucose reagent was added 
to each time point tube and they were vortexed and then incubated at 37°C for 35 
min in a dry incubator. Absorbances were measured at 450 nm using a spectro-
photometer. Kinetic calculations of Km, Vmax, and kcatWere made with SigmaPlot. 
Thermoinactivation of Glucoamylase 
To study glucoamylase thermal stability, the enzyme was heated at different 
temperatures beginning with 65°C and going up to 8S°C in 2.5°C increments. At 
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each temperature, a solution of glucoamylase ( 40 µg/ml) and 0.05 M Na Acetate, 
pH 4.5, buffer was heated and a set of six time points were taken. The time-point 
aliquots were refrigerated for 24 h to allow any reverse folding of the enzyme. After 
24 h, the residual activity of the thermoinactivated enzyme was measured. The 
assay was done in duplicates and the results were then averaged. 
Residual Activity Assay 
The residual activity of glucoamylase is the amount of enzyme activity that 
remains after the enzyme has been heated in the thermoinactivation assay. The 
more thermostable the enzyme, the more activity that remains after heating at a 
given temperature. The residual activity assay was done in much the same way as 
the specific activity assay, except it was done at 35°C using 4 µg of enzyme in each 
reaction tube. There was a reaction tube for each aliquot taken during the 
thermoinactivation assay. Glucose concentrations were measured using the glucose 
oxidase/peroxidase/0-dianisidine solution and then taking the absorbances at 450 
nm. Calculations of residual activity were made with SigmaPlot. 
54 
Results 
The 24 thermostable mutants used in in vivo recombination included swl, 
sw2, m31-4, m42-2, CS, pR8, pRlO, pR21, pR22, pR43, pR70, pR79, pTl-7, pTl-30, 
pTl-40, pT2-2, pT2-22, pT4-13, pT3-9, pT4-7, pTS-8, pT6-8, pT8-3, and pT3-14. 
These mutants were chosen based on their phenotype, i.e. the brightness of their 
halos on 1 % starch plates stained with iodine vapor. A list of these mutants and the 
mutations they contain are shown in Tables 7 A and 78. All of these mutants were 
glucoamylase variants contained in the same basic plasmid, YEpPM 18. 
The 24 plasmids were cut with the restriction enzyme EcoR/into three sep-
arate pieces. None of these EcoRI sites were in the glucoamylase gene. The DNA 
was purified and pooled together for PCR amplification using the glucoamylase 
primers GA528 and GA529. These primers anneal to locations on opposite sides of 
the gene approximately 275 base pairs from the translated region. The main pur-
pose of PCR was to obtain more DNA for the subsequent recombination experiment. 
The DNA was then cut with the restriction enzymes Bsshl, Bgll, Kpnl, and Nrulin 
four separate tubes which cut the gene in eight places, yielding 12 separate frag-
ments (Figure 18). These 12 fragments were then combined and transformed via 
electroporation into electrocompetent yeast S. cerevisiae C468 cells. The yeast 
would then perform in vivo recombination with these fragments, yielding new com-
binations of mutations (Figure 19). 
Plate Thermostability Assays 
After transformation, approximately 11,000 colonies were screened using the 
thermostability assay. Subsequent iodine staining of 1 % starch plates was used to 
identify new thermostable mutants via the intensity of their halos. The assay temp-
erature used was 78°C for the duration of 5 to 6 min for the first general screening. 
After the first screening had been done, 105 new mutants had been selected. 
These mutants were screened again at 79°C for 6 min. At the end of this screening, 
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Glucoamylase Gene 
Bgll 
Bsshll Nrul Nrul Bsshll Kpnl Nrul Kpnl 
s' I I I I I I I I I 3' 
0 bp 1000 bp 2000 bp 
Bgll- 830 bp Kpnl- 1020 bp, 1500 bp 
Bssh/1- 100 bp, 920 bp Nrul- 265 bp, 710 bp, 1310 bp 
Figure 18 Restriction enzyme map of the glucoamylase gene from the fungus A. 
awamorivar. X100. The map includes only these four enzymes - Bsshll Bgll Kpnl 
and Nrul. Distances within the glucoamylase gene are given in base pairs (bp ). 
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24 thermostable mutants 
Pooled plasmids 
cut with EcoRI 
Random Mutaaenesis 
"RE" series of 
mutants were 
created 
l 
Plate Screening 
PCR of RE15 using 
Taq polymerase and 
manganese 
Transform into yeast 
C468 cells 
New mutants 
0 0 
•• o0o 
• 
Screening 
Mutants of RE15 
which are more 
thermostable than 
RE15 
Random Recombination 
1 
PCR amplification 
(nonmutagenic) 
Cut with Bgll Nrul 
Bsshll and Kpn/ 
Transformed into yeast 
C468 cells, which 
perform in vivo random 
recombination 
Creation of the super 
mutant SRE15 
Mutants 
RElS-2 
RElS-35 
RElS-72 
RElS-79 
RElS-123 
RElS-144 
i 
r 
PCR- Site-directed 
mutagenesis to add the 
four new mutations 
into the RE15 gene 
New Mutations 
Asp293~Ala 
Val88~Ile, Glu408~Lys 
Glu408~Lys 
Val88~Ile 
Tyr402~Phe 
Glu408~Lys 
Figure 19 Flowchart of laboratory procedures. 
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six mutants were chosen that were considered the best among this group. This new 
mutant series was named the "RE" series with the final mutants identified as pRE5, 
pRE15, pRE46, pRE53, pRE75, and pRE108. Figure 20 includes pictures of the halos 
created by these six mutants and the relative brightness of their halos as quantified 
by digital imaging. Table 8 lists the mutants, their nucleotide substitutions, and 
their amino acid substitutions. 
The next stage of directed evolution involved mutagenic PCR. The mutant 
glucoamylase chosen for further study was RE15, which was the DNA template used 
in mutagenic PCR. Manganese in the form of MnCh was added to the PCR mix to 
make Taq polymerase more error prone and less able to replicate the template ac-
curately. The wrong bases would thus be inserted into the glucoamylase gene in a 
random fashion leading to amino acid substitutions some of the time. In separate 
tubes, the dNTPs were added with one of the four bases at a lesser concentration 
than the others (1:5 ratio). These tubes were then combined after PCR and trans-
formed into electrocompetent yeast S. cerevisiae C468 cells via electroporation. The 
DNA mix used for transformation contained 1.12 µg of PCR product and 0.7 µg of 
YEpPM18 vector. 
After yeast transformation, approximately 40,200 colonies were screened 
using the thermostability assay and subsequent iodine staining of 1 % starch plates. 
The assay was done at 80°C for the duration of 4 to 7 min. There were 165 new 
mutants identified and this new series was named the "RE15" series of mutants. 
Among these mutants, a final six, RE15-2, RE15-35, RE15-72, RE15-79, RE15-123, 
and RE15-144, were chosen based on the intensity of their halos. The DNA was ex-
tracted and then sequenced, yielding the new mutations shown in Table 9. Of 11 
new mutations, only four of them actually gave new amino acid substitutions. 
Figure 21 shows the relative brightness of the halos created by the RE15 mu-
tants. These photographs are presented in the same way as the RE mutants in Fig-
ure 20. The assay temperature was 78°C for a total duration of 7 min. Wild-type 
glucoamylase does not show up in this assay either. The original plate shows that 
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In Figures 20-22, the first picture shows the layout of the yeast colonies on 
SD+ His+ 1 % starch plates as they appeared after the nitrocellulose membranes 
were removed and the plates were stained with iodine. The schematic to the 
left of the photo displays the number assigned to the yeast colony and its posi-
tion on the plate. The photos below show the halos on 1 % starch plates as they 
appear after staining with iodine vapor for 4 min. The table to the left of each 
photo includes the average brightness value, the temperature of the assay, and 
the duration of the assay. The average brightness value is a number given to 
the halo based on the pixel density. The numbers range from 1 (darkest) to 255 
(brightest). 
Wild-type glucoamylase does not appear in the first two sets of photo-
graphs and no values were recorded (see small assay tables in Figures 20 and 
21). It does, however, appear in the third set of photographs (Figure 22). The 
temperature was 78°C for the first two sets of assays and 76°C in the third set. 
The mutant pTS-3 was included in the first assay set because it was con-
sidered the most thermostable mutant prior to in vivo recombination using the 
24 thermostable mutants. In the second assay set, RE15 was used for compar-
ison and Ser30~Pro was used in the third assay set. The brightness values are 
a general guideline to thermal stability. There are other factors that influence 
the brightness of the halos, including the consistency and uniformity of the io-
dine staining (note how some areas of the plate are darker than others), the 
size of the yeast colony, and the amount of protein that is produced by a given 
colony. Brightness values were measured by the Iowa State University Digital 
Imaging Center. 
1) Wild-type GA 
2) pT8-3 
3) RES 
4) RElS 
S) RE46 
6) RES3 
7) RE7S 
8) RE108 
Mutant 
1) Wild-type GA 
2) pT8-3 
3) RES 
4) RElS 
S) RE46 
6) RES3 
7) RE7S 
8) RE108 
Temp.= 78°C 
Mutant 
1) Wild-type GA 
2) pT8-3 
3) RES 
4) RElS 
S) RE46 
6) RES3 
7) RE7S 
8) RE108 
Temp.= 78°C 
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Average Brightness Value 
No value recorded ( <20.0) 
68.7 
76.0 
77.0 
76.2 
79.7 
81.2 
6S.8 
Duration of Assay= 3 min. 
Average Brightness Value 
No value recorded ( <20.0) 
46.6 
71.0 
99.1 
8S.S 
80.S 
71.7 
66.6 
Duration of Assay= 4 min. 
Figure 20 Photographs of halos created by the RE mutants. These are the six 
most thermostable RE mutants of the RE series (RE1-RE105). 
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Figure 20 continued 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 S2.3 
3) RES 67.0 
4) RElS 68.4 
S) RE46 76.9 
6) RES3 84.3 
7) RE75 78.S 
8) RE108 67.2 
Temp.= 78°C Duration of Assay= S min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 46.3 
3) RES 63.9 
4) RElS 48.7 
S) RE46 43.9 
6) RES3 47.7 
7) RE7S 44.S 
8) RE108 44.9 
Temp.= 78°C Duration of Assay = 6 min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 No value recorded ( <20.0) 
3) RES No value recorded ( <20.0) 
4) RElS 2S.4 
S) RE46 No value recorded ( <20.0) 
6) RE53 26.5 
7) RE75 21.9 
8) RE108 No value recorded ( <20.0) 
Temp.= 78°C Duration of Assay = 8 min. 
Figure 20 Photographs of halos created by the RE mutants. 
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Amino Acid Base Codon Type of Substitution Substitution Substitution Position 
Ala84--+Ala GCC4GCT 3 
Synonymous 
pyrimidine--+pyrimidine 
Val88--+lle GTC4ATC 1 
Nonsynonymous 
purine--+purine 
Phe 138---+Phe TTC4TTT 3 
Synonymous 
pyri midi ne--+pyri midi ne 
Phe267--+Phe TTC4TTT 3 
Synonymous 
pyrimidine--+pyrimidine 
Asp293--+Ala GAT4GCT 2 
Nonsynonymous 
purine--+pyrimidine 
Tyr402--+Phe TAC41TC 2 
Nonsynonymous 
purine--+pyrimidine 
GAG4AAG 1 
Nonsynonymous 
Glu408--+Lys purine--+purine 
Pro434--+Pro CCT4CCC 3 
Synonymous 
pyrimidine--+pyrimidine 
Thr477--+ Thr ACG4ACA 3 
Synonymous 
purine--+purine 
Thr480--+ Thr ACC4ACT 3 
Synonymous 
pyri midi ne--+pyri midi ne 
Thr513--+ Thr ACC4ACT 3 
Synonymous 
pyrimidine--+pyrimidine 
Table 9 Amino acid and DNA substitutions of the RE15 mutant series. 
Both synonymous and nonsynonymous mutations are included. The nonsynon-
ymous amino acid substitutions and base substitutions are indicated in bold type. 
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1) Wild-type GA 
2) pT8-3 
3) RE15 
4) RE15-2 
5) RE15-35 
6) RE15-72 
7) RE15-79 
8) RE15-123 
9) RE15-144 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 71.9 
3) RE15 82.2 
4) RE15-2 95.2 
5) RE15-35 85.6 
6) RE15-72 89.7 
7) RE15-79 80.7 
8) RE15-123 78.2 
9) RE15-144 87.7 
Temp.= 78°C Duration of Assay= 1 min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 No value recorded ( <20.0) 
3) RE15 59.3 
4) RE15-2 66.1 
5) RE15-35 81.6 
6) RE15-72 84.7 
7) RE15-79 55.5 
8) RElS-123 64.4 
9) RE15-144 68.4 
Temp.= 78°C Duration of Assay = 2 min. 
Figure 21 Photographs of halos created by the RE15 mutant series. These are 
the final six most thermostable mutants of the RE15 series (RE15-1 to RE15-165). 
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Figure 21 continued 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) oT8-3 42.7 
3) RE15 49.8 
4) RE15-2 53.5 
5) RE15-35 72.8 
6) RE15-72 60.6 
7) RE15-79 57.5 
8) RE15-123 62.8 
9) RE15-144 65.7 
Temp.= 78°C Duration of Assay= 3 min. 
Mutant Average Brightness Value 
1) Wild-tvoe GA No value recorded ( <20.0) 
2) pT8-3 No value recorded ( <20.0) 
3) RE15 58.4 
4) RE15-2 90.4 
5) RE15-35 106.1 
6) RE15-72 85.8 
7) RE15-79 52.3 
8) RE15-123 76.5 
9) RE15-144 78.5 
Temp.= 78°C Duration of Assay= 4 min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) oT8-3 No value recorded ( <20.0) 
3) RE15 55.2 
4) RE15-2 64.0 
5) RE15-35 83.8 
6) RE15-72 68.6 
7) RE15-79 54.3 
8) RE15-123 54.6 
9) RE15-144 58.8 
Temp.= 78°C Duration of Assay = S min. 
Figure 21 Photographs of halos created by the RE15 mutant series. 
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Figure 21 continued 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) pT8-3 No value recorded ( <20.0) 
3) RE15 No value recorded (20.0) 
4) RE15-2 41.3 
5) RE15-35 66.4 
6) RE15-72 61.0 
7) RE15-79 44.7 
8) RE15-123 35.2 
9) RE15-144 39.1 
Temp.= 78°C Duration of Assay= 7 min. 
Figure 21 Photograph of halos created by the RE15 mutants. 
Enzyme 65° 70° 72.5° 75° 77.5° 80° 82.5° 85° 
Wild-type GA x x x x x x 
Exposure 0-30' 0-12' 1-6' 0.5-3' 0.3-2' 0.3-2' Time 
kd units 0.0003 0.0018 0.0038 0.0120 0.0270 0.060 
RE15 x x x x x x 
Exposure time 1-6' 0.5-3' 0.3-2' 0.25-2' 0.3-2' 0.3-2' 
kd units 0.0009 0.0022 0.0063 0.0096 0.0123 0.0571 
SRE15 x x x x x x 
Exposure time 2-12' 0.5-3' 0.3-2' 0.3-2' 0.3-2' 0.3-2' 
kd units 0.0003 0.0014 0.0018 0.0030 0.0079 0.0104 
Table 11 Temperatures (0 C) at which enzymes were exposed in order to deter-
mine their residual activity. Exposure time is given in minutes ('). 
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a yeast colony was there and did secrete active protein that created a halo. The 
mutants pT8-3 and RE15 are included in this assay as a reference to thermal sta-
bility. Table 10 displays the RE15 series of mutants, their DNA substitutions, and 
their resulting amino acid substitutions. 
As shown in Table 10, the four new mutations are scattered about the six 
RE15 mutants. For example, Asp293~Ala is found only in RE15-2 and Tyr402~Phe 
in RElS-123. The mutation Val88~Ile appears in two of the mutants, RE15-35 and 
RE15-79. Lastly, Glu408~Lys is the most common mutation, appearing in RE15-35, 
RE15-72, and RElS-144. 
The next step in this directed evolution project was to insert the four new 
mutations, Val88~Ile, Asp293~Ala, Tyr402~Phe, and Glu408~Lys into the RE15 
gene. The goal of this was to create a "super" mutant (SRE15) that was yet more 
thermostable than RE15. It was thought that these new mutations would contribute 
to thermal stability in a cumulative fashion. Each mutation was added via site-dir-
ected mutagenesis in a series of individual steps using PCR. The RE15-35 gene was 
used as the PCR template because it already contained two of the four mutations 
(Val88~Ile and Glu408~Lys) that were to be added. The final PCR product was 
sequenced to verify the new mutations existed. 
Since we were interested in the mutations of the catalytic domain only, the 
SBD sequence of RE15 and SRE15 was replaced with the wild-type sequence. The 
gene between the restriction sites BamHI and Hind/I/was cut out and a new frag-
ment ligated back in. The RE15 and SRE15 DNA with the wild-type SBD sequence 
was then transformed into electrocompetent S. cerevisiae C468 cells via electropor-
ation. 
Figure 22 shows the halos created by the single mutants (Val88Ile, Ser211 
Pro, Asp293Ala, Tyr402Phe, and Glu408Lys) by themselves in the wild-type back-
ground. These mutants were constructed using PCR and site-directed mutagenesis 
of the pBKsC+) vector. Once complete, the glucoamylase gene was cut out of the 
vector with the restriction enzymes Xholand BamHiand then ligated into the 
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1) Wild-type GA 
2) Ser30~Pro 
3) Val88~Ile 
4) Ser211~Pro 
5) Asp293~Ala 
6) Tyr402~Phe 
7) Glu408~Lys 
8) RE15 
9) SRE15 
Mutant Average Brightness Value 
1) Wild-type GA 86.5 
2) Ser30~Pro 95.0 
3) Val88~Ile 91.4 
4) Ser211~Pro 80.4 
5) Asp293~Ala 72.4 
6) Tyr402~Phe 79.7 
7) Glu408~Lvs 86.3 
8) RE15 99.0 
9) SRE15 98.0 
Temp.= 76°C Duration of Assay= 1 min. 
Mutant Average Brightness Value 
1) Wild-type GA 87.9 
2) Ser30~Pro 103.8 
3) Val88~Ile 93.1 
4) Ser211~Pro 95.7 
5) Asp293~Ala 97.9 
6) Tyr402~Phe 107.9 
7) Glu408~Lvs 105.3 
8) RE15 92.7 
9) SRE15 107.9 
Temp.= 76°C Duration of Assay = 2 min. 
Figure 22 Photographs of halos created by the single mutants, RE15, and SRE15. 
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Figure 22 continued 
Mutant Average Brightness Value 
1) Wild-type GA 51.3 
2) Ser30--)Pro 78.5 
3) Val88--)Ile 48.8 
4) Ser211--)Pro 39.4 
5) Asp293--)Ala 41.9 
6) Tyr402--)Phe 45.4 
7) Glu408--)Lvs 45.5 
8) RE15 74.0 
9) SRE15 88.4 
Temp.= 76°C Duration of Assay = 3 min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) Ser30--)Pro 49.3 
3) Val88--)Ile No value recorded ( <20.0) 
4) Ser211--)Pro No value recorded ( <20.0) 
5) Asp293--)Ala No value recorded ( <20.0) 
6) Tyr402--)Phe No value recorded ( <20.0) 
7) Glu408--)Lys 40.9 
8) RE15 80.7 
9) SRE15 96.6 
Temp.= 76°C Duration of Assay= 4 min. 
Mutant Average Brightness Value 
1) Wild-type GA No value recorded ( <20.0) 
2) Ser30--)Pro No value recorded ( <20.0) 
3) Val88--)Ile No value recorded ( <20.0) 
4) Ser211--)Pro No value recorded ( <20.0) 
5) Asp293--)Ala No value recorded ( <20.0) 
6) Tyr402--)Phe No value recorded ( <20.0) 
7) Glu408--)Lys No value recorded ( <20.0) 
8) RE15 69.9 
9) SRE15 91.1 
Temp.= 76°C Duration of Assay= 7 min. 
Figure 22 Photographs of halos created by the single mutants, RElS, and SRElS. 
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Figure 23 Graphs of values obtained from plate thermostability assays. 
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YEpPM18 vector. Included in this assay is the single mutant Ser30Pro and the super 
mutants RE15 and SRE15. Ser30~Pro is considered to be the most thermostable 
single mutation of glucoamylase to date. This assay was done at 76°C for a total 
duration of 7 min. Wild-type glucoamylase does give a halo in this set, appearing in 
the first 3 min. of the assay before fading away. The super mutants are the only 
halos remaining after 7 min, as they should be if the mutations they contain are 
cumulative. Figure 23 displays the numerical results obtained from the plate 
thermostability assays in graphical form which plots brightness vs. time. 
Kinetic Results 
The transformed yeast were grown in large quantities in shake flasks and the 
glucoamylase protein was collected and purified so that kinetic studies could be 
done and the thermal stability of RE15 and SRE15 determined. Once the glucoamy-
lases had been purified, their concentrations were measured using BSA (bovine 
serum albumin) as a standard. Dilutions were made that included 400 µg/mL, 100 
µg/ml, and 10 µg/ml. 
Figure 24 shows the results and calculations of the specific activity assays. 
Specific activity is defined as the amount of enzyme necessary to produce 1 µmol 
of product per minute at 50° C (one International Unit, IU). The specific activity 
was done in duplicates and the results were averaged. Both RE15 and SRE15 gave 
higher specific activity than wild-type glucoamylase. This means that the super 
mutants are faster at converting maltose into glucose. As a percentage of wild-type 
activity, RE15 and SRE15 are 148% and 161 % as active, respectively. 
Figure 25 shows the results and calculations of the Km assays. The Km is 
defined as the substrate concentration at which the reaction rate is half maximal. A 
low Km is a good indication of an efficient enzyme. The wild-type glucoamylase ap-
pears to be more efficient than either RE15 or SRE15. 
The kcat is a measure of enzyme productivity (kcat=-Vmf[total enzyme] (in 
µmol/L)). It is the number of actual reactions that occur in a given amount of 
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Figure 25 The kinetic parameters for wild-type and mutant glucoamylases. 
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time and it is equal to k2' or the rate at which the enzyme converts substrate to 
product. Wild-type glucoamylase, RE15, and SRE15 all show similar Keat values. 
Vmax is defined as the concentration of substrate at which the reaction 
reaches maximal rate ( Vmax=Vmf[enzyme] = IU/mg) (Voet and Voet, 1995). At this 
concentration, the enzyme is completely saturated with substrate and increasing the 
substrate concentration has no more effect on enzyme productivity. Wild-type 
glucoamylase, RE15, and SRE15 show similar Vmax values. 
kcat!Km is the measure of an enzyme's overall efficiency. Wild-type gluco-
amylase, RE15, and SRE15 all show similar kcat!Km values. Vm and Km values were 
calculated using the computer software SigmaPlot. 
The plot in Figure 26 shows the results and calculations of the residual ac-
tivity assays. The residual activity is the amount of activity that remains in a given 
amount of enzyme after it has been exposed to high temperatures (high temper-
atures in this case are protein denaturing temperatures). The temperatures to 
which the enzymes were exposed are given in Table 11. The residual activity of 
each of the enzymes after exposure to different temperatures is graphed and kd 
(irreversible inactivation coefficient) values are obtained (Table 11). The ln(kd/T) vs. 
1/(T) for each temperature are plotted. The lines that lie to the lower left of the 
wild-type glucoamylase are more thermostable, with SRE15 being the most thermo-
stable. 11H and 115 can be calculated from the slope and y-intercept of the plot, re-
spectively. 
The change in enthalpy, AH, is a measure of the amount of heat absorbed or 
released by a given process. In Figure 26, the change in enthalpy of thermoinactiv-
ation of wild-type glucoamylase, RE15, and SRE15 are given. Since 11H is positive, 
heat was absorbed and the process is endothermic. The AHfor wild-type glucoamy-
lase is higher than it is for either of the super mutants, with SRE15 having the low-
est 11H (11H=(-slope)(R, the gas constant)). 
AS is a measure of the change in entropy. Entropy defines the amount of 
order or disorder inherent in a given process. In this case, it is the change in en-
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Wild-type 0---0---0 356 740 106.1/95.0* --- 68.8 ---GA 
RE15 
·-·-· 
304 575 109.1/100.5* 3/5.5* 72.9 4.1 
SRE15 V'-V'-V' 233 367 108.7/103.8* 2.6/8.8* 75.0 6.2 
Figure 26 Thermostability parameters for wild-type and mutant glucoamylases. 
*Values at 65°C/80°C, respectively. 
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tropy of the thermoinactivation of glucoamylase. 115 appears to decrease with 
increasing protein thermal stability. Wild-type glucoamylase has the highest 115 
while SRE15 the lowest (115=(y-intercept - In k/ h)(R), where K is Boltzmann's 
constant, his Planck's constant, and R is the gas constant). 
!iGis a measure of the change in Gibbs free energy. Free energy tells us 
something about the spontaneity of a reaction. If 11Gis negative, then the reaction 
is spontaneous in the forward direction. If 11G is positive, the reaction is nonspon-
taneous and heat must be supplied from the surroundings for it to occur (Brown et 
al., 1997). In this case, 11Gis the change in free energy of the thermoinactivation of 
glucoamylase. 11Gwas calculated at 6S°C and at 80°C. At both temperatures, the 
free energy is higher for the super mutants than it is for wild-type glucoamylase 
(!iG=!iH - T!iSJ 
MG is a measure of the change in !iG between the wild-type glucoamylase 
enzyme and the super mutants at 6S°C and at 80°C. At 6S°C, the difference is 
smaller than it is at 80°C. SRE15 shows the largest change with 8.8 kj/mol at 80°C. 
Tm is the measure of an enzyme's melting temperature ( Tm=(ln(kd ave) - y-
intercept)/slope). It is obtained by calculating the temperature at which the enzyme 
is 50% inactivated after 10 min. has passed. The Tm of wild-type gluco-amylase is 
68.8°C. The Tm of RE15 and SRE15 is greater, with an increase (Ii Tm) in melting 
temperature of 4.1°C and 6.2°C, respectively, further demonstrating the increased 
thermostability of the super mutants. 
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Discussion 
The process of directed evolution has proved to be a powerful tool. Coupled 
with a good screening method, one can evolve a protein to possess a number of 
specific characteristics including thermal stability. The melting temperature of wild-
type A. awamoriglucoamylase expressed in S. cerevisiae is 68.8°C. Considering 
some thermophiles that encode glucoamylase live at temperatures above 85°C, 
there appears to be plenty of room to improve glucoamylase thermal stability via 
genetic engineering. 
Discussion of the Results 
Directed evolution of glucoamylase is an ongoing project in the Ford lab in-
volving several investigators. The project described here started with the in vivo 
recombination of 24 mutants. The screening of the resulting recombinants pro-
duced a new series of mutants - the RE mutants. Mutations that are present after 
screening are considered putative thermostable mutations. 
The most thermostable mutants of the RE series are shown in Table 8. In 
four out of six mutants, the triple mutation Asn20->Cys, Ala27->Cys, Ser30->Pro, 
and Gly137->Ala is present (Asn20->Cys and Ala27->Cys are considered one muta-
tion because they form a disulfide bridge together). The triple mutant increases the 
melting temperature of wild-type glucoamylase by 3.9°C and increases the b..G by 
4.4 kJ/mol (at 65°C). 
There are four different praline substitutions, with Ser30->Pro present in all 
of the mutants. It is interesting that these praline substitutions replace serine in 
every case. Some are located in a-helices (Ser211->Pro), two others are located in 
interhelical loops (Ser30->Pro and Ser119->Pro) and the last (Ser436->Pro) follows 
helix H13 a few spaces away from the beginning of the linker region. Ser119->Pro 
of glucoamylase has been studied and its kinetics determined. It increases the melt-
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ing temperature of wild-type glucoamylase by 0.8°C and increases L\Gby 0.4 kJ/mol 
(at 65°C) (Wang, 2000). 
Another common mutation present in the six RE mutants that have been 
characterized are substitutions of threonine with alanine and serine. Thr290~Ala is 
present in five of the six mutants while Thr62~Ala is present in two of them. They 
occupy different secondary structures, however, with Thr62~Ala located in the 
middle of a-helix H2 and Thr290~Ala being in an interhelical loop between helices 
H9 and HlO. Thr390~Ser is located near the end of helix H12. The kinetics of 
Thr62~Ala have been determined, this mutation increases the melting temperature 
of wild-type glucoamylase by 1.6°C and increases the L\Gby 1.5 kJ/mol (at 65°C) 
(Wang, 2000). 
The mutation His391 ~ Tyr is present in five of the six mutants. It is located 
at the end of helix H 12 near the active site. Its kinetics have been studied and the 
melting temperature determined. This mutation increases the melting temperature 
of wild-type glucoamylase by 1.3°C and increases the AGby 1.3 kJ/mol (at 65°C) 
(Wang, 2000). 
There are some other mutations in the RE series whose contribution to ther-
mal stability is questionable since these mutations lie in the starch-binding domain. 
The mutation Tyr527 ~Cys is present in half of the mutants. It is located in the 
second p-sheet of the starch-binding domain. In this study, mutations that lie in the 
starch-binding domain were not characterized and were replaced with the wild-type 
residue at that position. The catalytic domain and the starch-binding domain are 
thought to operate independently of each other and to unfold separately at higher 
temperatures (Table 4 of the Introduction). 
Sometimes a random mutation can be carried along which does not contri-
bute anything to thermal stability but survives the screening process. This can 
happen because the mutation lies close to another mutation that does contribute to 
thermal stability. Since the two mutations are so close together, they are not se-
parated by recombination and continue to be associated with each other. The silent 
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mutation Gin 140~Gln is a good example of this. It lies close to the mutation 
Gly137~Ala, which was selected for in every RE mutant. Since Gln140~Gln is a 
silent mutation, there is no thermal benefit to the protein by having it there. It is 
present in the 6 RE mutants characterized and in the RE15 mutant series and has 
not been lost via recombination. 
The plate thermostability assays in Figure 20 showed fairly consistent trends 
for the RE mutants, allowing the best to be chosen for further study. One consistent 
trend involved the mutant pT8-3, which always scored among the lowest on the 
brightness scale. This is good because this mutant was considered to be the best 
thermostable mutant prior to the isolation of the RE mutant series. The brightness 
values for the RE mutants were close to each other throughout the assay. There 
does not appear to be one mutant that really stands out from the others. RES gives 
a bright halo throughout the assay and is much brighter than the others in the 6-
min assay, but in the 8-min assay it is completely inactivated. Based on these re-
sults, we decided to further investigate the mutants RE15 and RES (RES was studied 
by another lab member). 
Wild-type glucoamylase does not show activity in the assays at 78°C for 3 or 
more min, probably due to inactivation during the first min. Wild-type glucoamylase 
from A. awamori has a Tm of 68°C. If one looks at the original plate that shows the 
yeast colonies intact (Figures 20 and 21), it can be seen that the wild-type colony 
secreted protein that was capable of hydrolyzing the starch in the medium, giving a 
normal halo. 
With mutagenic PCR, one would expect to see all the mutations that are pre-
sent in RE15 to be present in all of the RE15 progeny. The only exception to this 
would be if one of the mutations were changed to another amino acid or reverted 
back (back mutation) to the wild-type sequence, which is unlikely. In Table 10, it 
can be seen that all of the original nine mutations are present along with the new 
ones created by mutagenic PCR. The only mutation missing, Tyr527 ~ Cys, is in the 
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SBD. It is missing from RElS-35, RElS-79, and RElS-123. Note, also that RElS-72 
and RElS-144 are exactly the same in sequence. 
Table 9 shows the new mutations that were created via mutagenic PCR. A 
total of 11 mutations with four of them yielding new amino acid substitutions (non-
synonymous mutations) were identified. Nine of the 11 mutations are transitions 
(purine.-+purine or pyrimidine.-+pyrimidine). The two mutations that are transver-
sions (purine.-+pyrimidine or pyrimidine.-+purine) resulted in amino acid substitu-
tions. It is expected that transitions would be more numerous than transversions 
since studies have shown that transitions outnumber transversions and it has been 
suggested that base pairs of similar size and geometry (transitions) are more likely 
to be substituted for each other than those that are less similar (transversions) 
(Page and Holmes, 1998). Also, the mutations that resulted in amino acid substitu-
tions occurred in the first and second codon position, while the mutations that led to 
synonymous mutations occurred in the third codon position. This is to be expected 
due to the degeneracy of the genetic code. 
Figure 21 shows the results of the plate thermostability assay for the best of 
the RE15 mutants. Once again, wild-type glucoamylase is inactive, even though 
functional protein was secreted. All of the RE15 mutants exceeded the thermal sta-
bility of RE15 in this assay. RE15 showed a complete loss of activity in the 7-min 
assay while the others were still functional, although just barely. 
Figure 22 shows the results of the plate thermostability assays for the single 
mutations by themselves in the wild-type background compared to the single mu-
tant Ser30.-+Pro and the super mutants RE15 and SRE15. The temperature was 
lowered to 76°C in order to capture the activity and sensitivity of the single mutants, 
which were completely thermoinactivated by the fourth minute, except for Glu408-+ 
Lys and Ser30.-+Pro. The mutant Ser30.-+Pro is the best single mutation of gluco-
amylase to this date. It increased the Tm by 1.7°C and increased AG by 1.6 k.J/mol 
(at 65°C) (Allen et al., 1998). In the first 4 min, Ser30.-+Pro glucoamylase outper-
formed all of the other single mutants. The next best single mutant appeared to be 
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Glu408~Lys glucoamylase, which was still active up through the fourth minute and 
left a small trace of a halo on the plate. The wild-type glucoamylase was not inacti-
vated at this temperature (76°C) through the first 3 min. 
Kinetic results 
The results of the kinetic assays are promising. SRE15 is the most thermo-
stable super mutant reported to date. Compared to wild-type glucoamylase, the 
specific activity is higher for both RE15 (148%) and SRE15 (161 %). Other kinetic 
parameters, however, gave similar results for wild-type glucoamylase, RE15, and 
SRE15. The Km, kcat, and Vmax values are basically the same, there is no significant 
difference between the three enzymes. 
Table 11 shows the first-order irreversible thermoinactivation coefficients (kd 
values) of the enzymes at specific temperatures. The lower kdvalues for the super 
mutants, especially SRE15, indicate that the wild-type glucoamylase unfolds faster 
between 6S°C and 8S 0 C. This may be the reason why wild-type glucoamylase did 
not show up in the RE and RE15 plate thermostability assays. It may have been in-
activated in less than a minute at the temperatures used, 78°C. 
The change in entropy of thermoinactivation (~5) is smaller for the super mu-
tants compared to the wild-type enzyme. This smaller change means there may be 
fewer unfolded states the enzyme can explore, perhaps because of the insertion of 
praline residues and other less flexible residues. Praline residues rigidify the pep-
tide backbone and lessen the number of unfolded conformations that are possible. 
The increase in ~G between wild-type glucoamylase and the super mutants, 
especially SRE15, indicated that these enzymes are more stable at 6S°C and even 
more so at 80°C than the wild-type enzyme. In Figure 26, there is a difference bet-
ween the slopes given by SRE15, RE15, and wild-type glucoamylase. This suggests 
there is a difference in the mechanism of unfolding between SRE15 and the other 
two enzymes. The mechanism of unfolding involves many different characteristics of 
a protein. Much of it involves disrupting interactions, such as hydrogen bonds and 
84 
salt bridges, between various amino acids in the protein. The stronger the bonding 
forces, the more energy that must be supplied to overcome these forces, which re-
sults in a higher melting temperature (Kumar et al., 2001). 
Discussion of the mutations in SRE15 
SRE15 is composed of many mutations. It is a final product that brings to-
gether several strategies aimed at improving glucoamylase thermal stability. Many 
of the mutations that were discussed in the introduction and in Table 5 are present 
in SRE15. These include Asn20~Cys and Ala27~Cys, two mutations that form a 
disulfide bridge between helix H 1 and the p-turn that follows it. Also present are 
Ser30~Pro and Gly137~Ala. These mutations, because of their side chains, in-
crease the rigidity of secondary structures such as a-helices by lowering the differ-
ence in conformational entropy between the folded and unfolded states. 
Figure 27 shows the ribbon structure of wild-type glucoamylase from the 
fungal species A. awamori. Some of the newer mutations isolated during this most 
recent round of directed evolution are shown as ball and stick structures. SRE15 
contains three praline substitutions - Ser30~Pro, Ser119~Pro, and Ser211~Pro. 
All of these substitutions are located at the surface of the protein. Both Ser30~Pro 
and Ser119~Pro are located in long interhelical loops between helices Hl and H2 
and helices H3 and H4, respectively. Ser211~Pro is located at the beginning of 
helix H7, at the N+l position, right in the middle of two cysteine residues (Cys210 
and Cys213) that form a disulfide bridge. 
Both Ser30~Pro and Ser119~Pro glucoamylases have been analyzed pre-
viously. As has been mentioned, their contributions to the melting temperature are 
1.7°C and 0.8°C, respectively. Serine is a rather flexible residue in comparison to 
praline. Replacing serine residues with praline rigidifies certain structures such as 
interhelical loops and lowers the conformational entropy of the protein between the 
folded and unfolded states (Allen et al., 1998). 
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Figure 27 A ribbon diagram of the catalytic domain of A. awamoriglucoamylase. 
Included are some of the newer mutations isolated via directed evolution. The a.-
helices are a dark rose, (3-sheets are blue, and turns are white. The mutations are 
shown in magenta, as ball and stick structures (picture generated with Rasmol). 
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Serine 119, being on the surface of the protein, forms hydrogen bonds with 
the solvent surrounding the protein. These hydrogen bonds must be broken upon 
removal of the serine, which results in a loss of stabilizing energy. The decrease in 
entropy with the substitution of praline, however, is sufficient to result in a net gain 
in stabilization (Wang, 2000). 
In general, praline is one of the most underrepresented residues in a-helices 
(Table 3). The rigid structure of the pyrrolidine ring of praline is thought to form a 
kink in the helix and thus is not often seen in these structures. Richardson and 
Richardson (1988) investigated 215 a-helices from 45 different globular proteins and 
discovered some interesting trends among amino acids and their location prefer-
ences within a-helices. They found that praline was mostly absent from the midsec-
tion of a-helices but was more abundant in the N-terminal part of the helix (Figure 
28). The first residue of an a-helix is considered a transition residue, meaning it is 
halfway in and halfway out of the helix. This residue is called the N-cap with the C-
cap being the same thing except it is located at the C-terminus of the helix. The N-
eap residue is dominated by glycine, serine, aspartic acid, and asparagine in 60% of 
the cases. The N+ 1 or Nl position is dominated by glutamic acid, praline, and ala-
nine. In general, praline represents 4.5% of the amino acids present in a-helices, 
yet its preference ratio for the Nl position is 2.6 (the preference ratio is equal to the 
observed occurrence of a particular amino acid at a given location divided by the 
expected occurrence based on its average percent composition. A neutral prefer-
ence would be equal to one). This defines praline as a helix initiator. Its rigid ring 
structure prevents the a-helix from continuing in the N-terminal direction. 
Hydrogen bonding is important in a-helices. Some side chains of amino acids 
will hydrogen-bond to the nitrogens in the peptide backbone of a-helices. The first 
residue, Nl, in the a-helix does not form these bonds, which is a good location for 
praline since its NH group is tied up in its pyrrolidine ring and does not make hydro-
gen-bonding interactions. This could also explain the prevalence of praline at this 
location. 
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Figure 28 Preference profile of proline. The x-axis is the position in the a-helix 
and the y-axis is the averaged number of times proline occurs at this position. The 
midsection of the a-helix is not shown, but is as sparsely populated as the N4, C4, 
and C3 positions. The positions N", N', C', and C" are located outside of the helix 
just beyond the Neap and Ccap where X' is one and X" is two spaces (adapted from 
Richardson and Richardson, 1988) 
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Serine 211 is located at the Nl position of the a-helix H7 in glucoamylase 
(Figures 2, 27, and 29). The preference for praline at the Nl position would explain 
the substitution of serine with praline at this location. Additionally, this part of a-
helix H7 is located in the subdomain of highest hydrophobicity with the highest Tm. 
After viewing Figure 22, however, it is difficult to advance the argument for thermal 
stability regarding this mutant. Ser211~Pro glucoamylase does not really perform 
better than wild-type glucoamylase throughout the plate assay. There may be other 
factors at work that contribute to thermal stability when this mutant is in the SRE15 
background, but this has not been tested since no pair of multiple mutants differing 
by only S211P was found. Perhaps a new network of interactions are created that 
increase thermal stability when praline is inserted at this position. It is important to 
recognize that this mutation appears in two of the six most thermostable mutants of 
the RE series - RE15 and RE53, suggesting its role in thermostability. 
Two mutations, Thr290~Ala and Asp293~Ala, lie close to each other in an 
interhelical loop between a-helices H9 and HlO (Figures 2 and 30). The kinetics of 
Thr290~Ala glucoamylase show that this mutation increases the Tm of wild-type 
glucoamylase by 1.0°C (Fuchs, 2001). It has been suggested by Wang (2000) that 
threonine, a p-branched amino acid which is replaced by the a-branched alanine, 
may have an effect on the protein's local structure and the interactions made by 
amino acids in that location. These changes could possibly contribute to protein 
thermal stability. 
The amino acid substitution Asp293~Ala increases thermal stability by re-
moving the thermolabile sequence Asp- Gly. These bonds in proteins are some-
what susceptible to hydrolysis at lower pHs and elevated temperatures. Chen et al. 
(1995) replaced Asp293 with both glutamic acid and glutamine and found that these 
substitutions slightly increased glucoamylase thermal stability at 70°C at pH 3.5 and 
4.5, but not at higher pH values. Removal of this thermolabile bond could make a 
contribution to SRE15 thermal stability at lower temperatures. 
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Figure 29 Ribbon diagram of the location of Ser211 in glucoamylase. Ser211 is 
located at the surface of the protein at the beginning of helix H7 (picture generated 
with Rasmol). 
Thr290 coo· H I I 
H-C-C-CH3 
I I 
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I I 
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Figure 30 Ribbon diagram showing the location of Thr290 and Asp293 in gluco-
amylase. Both residues reside in an interhelical loop between helices H9 and HlO at 
the surface of the protein (picture generated with Rasmol). 
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Figure 22 suggests that Asp2934Ala glucoamylase is not consistently better 
than wild-type glucoamylase. Yet when RE15-2 is compared to RE15 in Figure 21, it 
consistently outperforms RE15 in all six assays. The only difference between the 
two mutants is that RE15-2 contains Asp2934Ala, the other nine mutations being 
the same in both enzymes. This suggests that the Asp2934Ala is not sufficient to 
increase thermal stability when it is alone in the wild-type background. In the more 
thermostable RE15 background; however, Asp2934Ala is able to make a measur-
able contribution to thermal stability. 
The loop containing residue 290 includes amino acids Thr290, Leu291, 
Asn292, Asp293, Gly294, Leu295, and Ser296. If Thr290 and Asp293 are replaced 
with alanine, as they are in SRE15, this loop becomes increasingly hydrophobic and 
perhaps a little more flexible due to the smaller side chain of alanine. These 
changes may be enough to make the loop in that area turn inwards from the surface 
towards the protein interior. This would have the effect of shortening the loop and 
increasing the compactness of the protein. Recall from the introduction that ther-
mophilic proteins often have either shortened or deleted loops that reside at the sur-
face of the protein in their mesophilic relatives. 
The contribution, if any, to thermal stability by substituting valine at position 
88 with isoleucine is difficult to explain and this mutation may be essentially neutral. 
Figure 22 suggests that this mutant does not appear to be more thermostable than 
wild-type glucoamylase. In Figure 21, the mutant RE15-79 contains the mutation 
Val884Ile plus the mutant Tyr5274Cys of the SBD. When compared to RE15, 
RE15-79 does not consistently perform better in the plate thermostability assays. 
Valine88 is located in an interhelical loop right behind a-helix H3 (Figures 2 and 31). 
It is not a surface residue because it faces inward toward the interior of the protein. 
Replacing valine with isoleucine is basically replacing one hydrophobic residue with 
another one. Isoleucine is a little bit larger than valine, their volumes being 168.8 
A.3 and 141.7 'A3, respectively (Richards, 1977). Both residues are p-branched, with 
isoleucine having one more CH2 group than valine. 
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Figure 31 Ribbon diagram of glucoamylase showing the location of Val88, which 
is at the end of helix H3 (picture generated with Rasmol). 
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Figure 32 A ribbon diagram of glucoamylase showing the location of His391 and 
Tyr402. The two rings face each other and are separated by approximately 3.5 -
4.0 A. The two nitrogen atoms in the imadozole ring of histidine are shown in green 
(picture generated with Rasmol). 
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The amino acid composition in this locale consists of Ile36, Thr51, Ile87, 
Val88, Gln89, Val91, Phe109, and Glu113. This group forms a hydrophobic 
microdomain and a substitution of a larger, branched amino acid at position 88 may 
contribute more to hydrophobicity and further compaction, perhaps increasing 
protein thermal stability. As previously noted, thermophilic proteins have more 
branched hydrophobic residues in their interiors than do mesophilic proteins (Kumar 
et al., 2000). 
The mutation Thr390-+Ser first arose during random mutagenesis that gave 
rise to the pR series of mutants. It has not been studied in isolation and may be a 
neutral mutation with respect to thermal stability. This same position was substi-
tuted with alanine during random mutagenesis of the triple mutant to give Thr390 
-+Ala. Serine and alanine are quite different from each other, one being a polar 
amino acid and the other being nonpolar. Thr390 lies right next to His391, which is 
located at the end of helix H12 and shares a little pocket of space with Tyr402 
(Figure 33). Thr390, however, is not a part of the highly conserved domain SS, as 
are Tyr402 and Glu408. 
As discussed in the Introduction, thermophilic proteins have fewer serine resi-
dues than do mesophilic proteins. Serine is actually considered a thermolabile 
amino acid, one to be avoided by thermophilic proteins. The change from threonine 
to serine does not change polarity. Serine is a little smaller in volume than threo-
nine, the two occupying 99.1 'A3 and 122.1 'A3, respectively. Substituting a larger, 
longer, and branched amino acid with a smaller, shorter, nonbranched amino acid 
goes against the trends seen in proteins to increase their thermal stability. Perhaps 
a better hydrogen-bonding network with the local environment is established with 
serine at position 390. 
Tyr402 and Glu408 are located in the middle of an interhelical loop/~-sheet 
that separates a-helices H 12 and H 13 (Figure 27). This is the same loop that the 
catalytic base, Glu400, is located in and it is also one of the five highly conserved 
domains of glucoamylase. Although Tyr402 is very close to Glu400, it is oriented in 
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Figure 33 A ribbon diagram of glucoamylase showing the close proximity of 
Thr390, His391, and Phe402 to each other. The oxygen atom of threonine is in sky 
blue, the nitrogen atoms of histidine are in green, and phenylalanine is in yellow. 
The intermolecular distances are given in angstroms (A) (picture generated with 
Rasmol). 
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Figure 34 A ribbon diagram of glucoamylase showing the location of Glu408. It 
is in close proximity to Asp403 and Asp406 and may form a salt bridge to Asp406. 
The oxygen atoms of the two aspartic acids are in red and for Glu408 they are in 
blue (picture generated with Rasmol). 
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a direction that points away from it and so the side groups do not interact with each 
other. Tyr402 is more of an internal residue, facing away from the surface of the 
protein. Glu408 is located on the surface and makes contact with the surrounding 
solvent. 
The substitution of tyrosine with phenylalanine at position 402 replaces a 
polar aromatic amino acid with a nonpolar aromatic residue. The surrounding en-
vironment is semihydrophobic and includes Asn315, Pro316, Phe318, His391, 
Gln401, Asp403, Gly407, and Leu410. Figure 32 shows Phe402 and the interaction 
it would make with its close neighbor, His391. As can be seen from the figure, the 
two rings face each other and are about 3.5 to 4.0 A apart. At lower pH values, the 
nitrogen on the imadazole ring of histidine is protonated (the other nitrogen has a 
hydrogen). This makes it a powerful proton donor and may form a cation-n inter-
action with the n electrons of the benzyl ring of phenylalanine (Gallivan and Dough-
erty, 1999; Scheiner et al., 2002). Recall from the Introduction that cation-n inter-
actions are quite common in thermophilic proteins and contribute to protein stability. 
In Figure 22, the single mutant Tyr4024Phe glucoamylase does not consist-
ently perform better in the plate thermostability assays than wild-type glucoamylase. 
In Figure 21, the mutant RElS-123 contains the mutation Tyr4024Phe less the SBD 
mutation Tyr5274Cys, and so can be compared to RE15 to look for changes in 
thermal stability that may be attributed to the mutation Tyr4024Phe. This mutant 
actually does quite well in comparison to RE15, doing better in four of the six as-
says. If the surrounding environment is expanded to include Ser390, His391, and 
Phe402, then it is possible that a new network of interactions among these three 
residues is created that may contribute to the thermal stability of SRE15 (Figure 33). 
Figure 34 shows the location of Glu408 (actually in this model it is aspartic 
acid due to the type of glucoamylase available for study using this particular soft-
ware program) and its given environment. Glu408 is surrounded by amino acids 
Phe402, Asp403, Asp406, Gly407, Glu409, and Leu410. It is very close to Asp403 
and Asp406. The oxygen atoms of Glu408 are about 3.0 A from those of Asp406. 
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The oxygen atoms of Asp403 are about 4.0 'A from those of Asp406. If Glu408 is 
replaced with lysine, its side chain would be longer, but it would remain close 
enough to Asp406 to form a salt bridge between the NH3 +group on lysine and the 
COO- group on aspartic acid. 
Kumar et al. (2000) have reported an increase in salt bridges between meso-
philic and thermophilic proteins. Salt bridges can be very stabilizing at higher temp-
eratures. There are three factors that influence the electrostatic strength of salt 
bridges. These include the geometry of the salt bridge, whether the salt bridge is 
located on the surface of the protein or if it is buried, and the interactions the salt-
bridge residues make with other amino acids in the general vacinity. In this particu-
lar case, it appears that the side chain of Asp403 is close enough to Asp406 to form 
an interaction, such as a hydrogen bond. It is also possible, due to the flexibility of 
this loop, that all three residues - Asp403, Asp406, and Lys408, form a triad of 
interactions. 
The mutant glucoamylase Glu408 Lys did well as a single mutant in the 
plate assays of Figure 22. It may be the only single mutation of SRE15 isolated dur-
ing this most recent round of mutagenesis that actually makes a contribution to 
thermal stability by itself. In addition, RE15-72 and RE15-144 (they are identical) 
which both contain Glu408 Lys, do better in every plate assay of Figure 21 than 
RE15. Table 10 reveals that the mutation Glu408 Lys was selected for three times, 
appearing in the mutants RE15-35, RE15-72, and RE15-144. 
The attributes that contribute to thermal stability tend to act in a delocalized 
manner throughout the protein. This is a pattern seen among thermophilic proteins. 
Thus, improving the structural integrity throughout the protein is beneficial (Kumar 
and Nussinov, 2001). Among the twelve mutations present in SRE15, seven are lo-
cated in a subdomain of glucoamylase that has the highest hydrophobicity and the 
highest melting temperature (65.3 C). This subdomain includes helices H2-H6 and 
parts of helices Hl and H7 of the catalytic domain {Table 4). The other five muta-
tions reside in the next most thermostable subdomain, which has a melting temper-
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ature of 62.1°C. This domain includes helices HS, H9, H13, and part of helices H10 
and H12 of the catalytic domain. 
As mentioned in the Introduction, each protein family deals with thermal sta-
bility in its own way. There really is not a single universal trend that encompasses 
all protein families. Several protein-engineering techniques have been successful at 
increasing glucoamylase thermal stability. Although cysteine residues were found to 
decrease in thermophilic proteins (Table 3), the incorporation of cysteine residues at 
key positions has improved glucoamylase thermal stability. Substituting praline for 
serine in both interhelical loops and in a-helices has the effect of rigidifying these 
structures, which has been correlated with an increase in melting temperature. 
Table 3 shows that glycine and alanine remain relatively constant between meso-
philic and thermophilic proteins. In glucoamylase, however, substituting glycine 
with alanine rigidifies a-helices probably because there is less rotation along the 
peptide backbone due to the side chain of alanine. Finally, shortening surface loops 
has been found to increase thermal stability, both in glucoamylase and in other 
protein families. 
It is interesting to discover that many of the mutations present in SRE15 are 
not really new mutations to glucoamylase. Indeed, many fungal species have ex-
perimented with various amino acid substitutions at these particular positions 
throughout evolutionary time. Figure 11 from the Introduction shows the evolution-
ary relationship among 19 different fungal/bacterial glucoamylases. In agreement 
with the evolutionary tree, the glucoamylases from the Aspergi/lussubfamily are 
very similar and possess homologous sequences throughout the protein. Analysis of 
the Saccharomycopsis, Saccharomyces, and especially C/ostridium subfamilies show 
a greater divergence from the Aspergillus subfamily. Most of the mutations present 
in SRE15 exist in at least one other glucoamylase subfamily. There are two, Gly137 
~Ala and Thr390~Ser, that do not. These are not highly conserved positions in 
glucoamylase, as both have numerous substitutions of other amino acids. Table 12 
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Amino acid Position Amino acids present at this position 
substitution in protein among 19 different fungal/bacterial species 
Asn-)Cys 20 Asn (11), Glu (3), Gin (2), Cys (2), Ile (1) 
Ala-)Cys 27 Ala (8), Gin (3), Cys (2), Lys (1), Ser (1), Thr (1) 
Ser-)Pro 30 Ser (6), Pro (6), Glu (2), Gin (1), Asn (1), Asp (1), Met (1), Lys (1) 
Val-) Ile 88 Leu (8), Ile (5), Val (2), Thr (1), Glu (1), Asp (1) Asn (1) 
Ser-)Pro 119 Ser (7), Ala (6), Pro (2), Glu (1), Asp (1), Arg (1), Tyr (1) 
Gly-)Ala* 137 Gly (6), Arg (3), Lys (2), Thr (2), Val (1), Leu (1), Asp (1), Ser (1), Gin (1), Glu (1) 
Ser-)Pro 211 Ser (11), Pro (2), Gly (2), Asp (2), Lys (1), Thr (1) 
Thr~Ala 290 Thr (7), Pro (4), Ser (3), Ala (2), Cys (1), Lys (1), Gly (1) 
Asp-) Ala 293 Asp (7), Ser (6), Lys (2), Ala (1), Asn (1) 
Thr-)Ser* 390 Thr (7), Lys ( 4), Ala (2), Asp (2), Gin (1), Leu (1), Tyr (1), Asn (1) 
Tyr-)Phe 402 Phe (10), Tyr (4), Ile (1), Val (2), Leu (2) 
Glu-)Lys 408 Asp (3), Glu (3), Phe (3), Ala (2), Leu (2), Tyr (2), Ser (1), Val (1), Thr (1), Lys (1), 
Table 12 The amino acid residues present at the indicated positions among 19 
different fungal/bacterial species. The numbers in parenthesis indicates how many 
of each residue is present. Amino acids involved in substitution of SRE15 are in bold 
type. An asterisk(*) means that this is a new substitution and this amino acid is not 
seen at this location in any of species that have been investigated thus far (Coutinho 
and Reilly, 1997). 
98 
shows the mutations of SRElS and the amino acids present at that given location in 
other fungal/bacterial species. 
Concluding Remarks 
During the course of this directed evolution experiment, the Tm of A. awamori 
glucoamylase has been increased 6.2°C and the LiGincreased 2.6 kJ/mol (at 6S°C) 
without significantly impairing other important attributes such as enzyme secretion, 
specific activity, and catalytic efficiency. This is a significant difference. Prior to 
this, the best super mutant (THS8) showed an increase of 4.8°C in Tm over that of 
wild-type glucoamylase. 
A combination of directed evolution and genetic engineering may increase the 
Tm of glucoamylase still further. New work in the lab is being done to add four new 
mutations to SRE15. These include Val59--)Ala, Thr62--)Ala, His391--) Tyr, and 
Ser436--)Pro. It will be interesting to see what these new mutations add to thermal 
stability. Insight gained from investigating other thermophilic proteins can be ap-
plied to further genetic engineering endeavors of glucoamylase. 
While determining the kinetics of a single mutation helps understand what 
contribution it makes to thermal stability, one has to consider the new interactions 
taking place within the enzyme as more substitutions are being added. The contri-
bution a mutation makes to thermal stability in the wild-type background may be 
different than in the background of a mutant with multiple mutations. This became 
clear as the new mutations Val88--)Ile, Asp293--)Ala, Tyr402--)Phe, and Glu408--) 
Lys, which were isolated in this most recent round of mutagenesis, were added to 
RE15 to create SRE15. As individual mutants in the wild-type background, they did 
not seem to do much to advance the thermal stability of glucoamylase, except for, 
perhaps, Glu408--)Lys. When inserted into the RE15 background, they appeared to 
increase thermal stability beyond that of RE15 as can be seen in the plate assays of 
Figure 21. The seven-minute assay shows SRE15 undaunted by the heat just as 
RE15 is beginning to fade away. This data, in addition to the kinetic data obtained 
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from the plot shown in Figure 26, supports the claim that these four new mutations 
contribute to thermal stability, but it is more difficult to ascertain what exactly each 
one contributes by themselves. 
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